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ABSTRACT 
This dissertation describes the optical techniques for fabricating three-dimensional (3D) 
nanostructures with diverse structural layouts. The approach, which we refer to as proximity 
field nanopatterning (PnP), uses conformable, elastomeric phase masks to pattern thick layers of 
transparent, photosensitive materials in a conformal contact mode geometry. Aspects of the 
optics, the materials, and the physical chemistry associated with this method are outlined in 
chapter 1. We also combine micro/nanomolding, or soft imprint techniques with PnP to form (i) 
fine (<1 µm) features that serve as the phase masks for their own exposure, (ii) coarse features 
(>1 µm) that are used with phase masks to provide access to large structure dimensions, and (iii) 
fine structures that are used together phase masks to achieve large, multilevel phase modulations, 
as shown in chapter 2. Chapter 3 exploits this exposure mode, which we refer to as maskless PnP, 
for fabricating silicon three dimensional photonic crystals using polymer templates defined by 
maskless PnP. The resulting crystals have face-center cubic symmetry and exhibit high structural 
quality over large areas, displaying geometries consistent with calculation. Spectroscopic 
measurements of transmission and reflection through the silicon and polymer structures reveal 
excellent optical properties, approaching properties predicted by simulations that assume ideal 
structures. Besides maskless PnP, multiple exposure steps with or without phase mask can also 
yield structures different to access by maskless PnP or normal PnP alone. In chapter 4, we 
demonstrate a dual-exposure, two-photon (2ph) PnP for producing woodpile polymer structures 
with high structural quality over large areas, and layouts that quantitatively match expectation 
based on optics simulations of the process.  Depositing silicon into these polymer templates 
followed by removal of the polymer forms silicon woodpile photonic crystals for which 
calculations suggest sizeable photonic bandgaps over a wide range of structural fill fractions. 
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Spectroscopic measurements of normal incidence reflection from both the silicon and polymer 
structures reveal good optical properties. In chapter 5, we demonstrate the fabrication of unusual 
classes of three dimensional (3D) nanostructures using two-photon PnP in both maskless and 
phase mask modes through elastomeric phase masks with five fold, Penrose quasicrystalline 
layouts.  Confocal imaging, computational studies and 3D reconstructions reveal the essential 
aspects of the flow of light through these quasicrystal masks.  The resulting nanostructures show 
interesting features, including quasicrystalline layouts in planes parallel to the sample surfaces, 
with completely aperiodic variations through their depths, consistent with the optics.  
Spectroscopic measurements of transmission and reflection provide additional insights.  Chapter 
6 uses the soft imprint technique developed for maskless PnP to generate light trapping structures 
on thin Si solar cells. Rigorous coupled wave analysis (RCWA) simulations and spectroscopic 
measurements of transmission, reflection, and absorption reveal insights for designed light 
trapping structures. Photovoltaic performance measurements on a 6 um Si solar cell showed 
energy conversion efficiency improvements over 80 % compared to bare Si. Spectral-resolved 
efficiency measurements reveal results consistent with simulations.  
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CHAPTER 1 
INTRODUCTION 
 
Significant part of this chapter was submitted as ‘Three-Dimensional Nanofabrication 
with Elastomeric Phase Masks,’ D. Shir, S. Jeon, H. Liao, M. Highland, D.G. Cahill, M.F. 
Su, I.F. El-Kady, C.G. Christodoulou, G.R. Bogart, A.V. Hamza and J.A. Rogers, Journal 
of Physical Chemistry B 111, 12945-12958 (2007).  Reproduced with permission from 
American Chemical Society. 
 
This chapter reviews previous work on an optical technique for fabricating, in a single 
exposure step, three-dimensional (3D) nanostructures with diverse structural layouts. The 
approach, which we refer to as proximity field nanopatterning, uses conformable, 
elastomeric phase masks to pattern thick layers of transparent, photosensitive materials in 
a conformal contact mode geometry. Aspects of the optics, the materials, and the physical 
chemistry associated with this method are outlined. A range of 3D structures illustrate its 
capabilities, and several application examples demonstrate possible areas of use in 
technologies ranging from microfluidics to photonic materials to density gradient 
structures for chemical release and high-energy density science. 
 
1.1. Introduction 
Capabilities for fabricating three dimensional (3D) nanostructures are important 
for many areas of technology including microfluidics [1-3], sensors [4], photonics [5-7], 
electrodes in fuel cells [8], catalyst carriers [9-10], storage of data [11-12], and many 
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others.  The most widespread approach for forming such structures relies on sequential, 
repeated applications of primarily two-dimensional (2D) patterning techniques, such as 
photolithography [13-14] and electron beam lithography [13-14], followed by selective 
removal of sacrificial resist materials.  The high levels of engineering sophistication and 
the deep, basic physical understanding of these 2D approaches lead to extremely 
powerful manufacturing platforms for certain established devices in electronics and 
photonics.  Their application to 3D structures, however, is difficult due to the layer-by-
layer strategies that are required.  As a result, many groups have explored alternative, 
unconventional techniques that can form 3D nanostructures more conveniently. Those 
techniques include approaches based on colloidal self-assembly [9, 15-18], phase 
separation of polymers [19-21], template-controlled growth [22-23], self-assembly in 
fluids [24-25], holographic based lithography [26-29], controlled chemical etching [30-
31], direct-write techniques based on multi-photon exposures [11, 32-33] and 
sophisticated inks [7, 34], and many others.  Each of these techniques provides important 
capabilities for fabricating various classes of 3D structures that would be difficult or 
impossible to produce effectively using established methods.  Nevertheless, none 
provides a complete solution to the challenge of 3D nanofabrication, due to various 
combinations of disadvantages including limited flexibility in the structure geometries, 
slow speeds, applicability only to relatively small areas, complex experimental setups, 
and uncertain yields and defect densities.  This chapter provides an overview of a 
different approach to 3D nanofabrication that avoids some of these problems.  The goal is 
to establish patterning capabilities that complement those of these other methods in a way 
that can enable certain important applications.  The technique involves single or multi-
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photon exposure of thick, transparent photosensitive materials through soft, elastomeric 
sub-wavelength phase masks in conformal contact mode geometries [35-41].  We refer to 
this method as proximity field nanopatterning (PnP), due to its use of optical effects that 
occur in proximity to the masking element.  This chapter provides an overview of the 
process, with discussions of key aspects of the associated optics, physical chemistry and 
materials science.  Diverse classes of periodic, aperiodic and even quasi-crystalline 3D 
nanostructures demonstrate some of the patterning capabilities, with application examples 
in microfluidics, photonics, high energy density science, chemical release and others. 
   
1.2. Proximity Field Nanopatterning 
1.2.1 Overview of approach 
The PnP process [35] involves three components: i) a light source, which 
determines the wavelength, the intensity and the angular and spectral bandwidth for the 
photoexposure, ii) a soft, elastomeric phase mask, which represents all of the necessary 
optics, and iii) a photosensitive material capable of forming a solid structure in the 
geometry of the 3D distribution of intensity created by passing exposure light through the 
mask.  Figure 1.1 contains a diagram outlining the steps.  The process begins with casting 
of a layer of the photosensitive material onto a substrate.  This layer is typically a solid 
film, although backside exposures [22] or specialized masks enable the use of liquids.  
Next, placing the elastomeric phase mask against the film leads to atomic scale, 
conformal contact due to the action of generalized adhesion forces (primarily van der 
Waals interactions) [42-44] without external application of pressure.  The mask has 
structures of surface relief that modulate the phase of transmitted light by a magnitude 
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and in a spatial geometry defined by the layout and depth of the relief, and by the index 
of refraction of the elastomer.  This spatial phase modulation creates a 3D distribution of 
intensity that patterns the exposure of the photosensitive layer in the region next to the 
mask.   This intensity distribution extends from the near surface region of the mask (i.e. 
within a wavelength; the near field region) to distances of many wavelengths (i.e. the 
region in proximity to the surface of the mask) and up to several millimeters away, 
limited only by the size of the mask and the diameter of the exposure source.  Removing 
the mask following this exposure, and then developing away the regions of 
photosensitive material that were (or were not, depending on the chemistry) exposed to 
light completes the fabrication [35].  The 3D structures formed in this way can be used 
directly in applications or they can template the deposition or growth of other materials.  
The soft, elastomeric phase mask represents an unusual type of optical element 
that is central to the PnP method.  These masks can be formed easily by casting and 
curing liquid prepolymers against suitable structures of relief, known as ‘masters’, using 
the techniques of soft lithography [35, 45-46].  The polymers are typically commercially 
available elastomers based on polydimethylsiloxanes (PDMS; Sylgard 184, Dow Corning) 
[45-48] or perfluoropolyethers (PFPE; CN4000, Sartomer Company, Inc.)[49-50].  These 
materials are useful due to their optical transparency down to wavelengths of ~250-300 
nm and their ability to replicate accurately features of relief in the ‘masters’ with 
dimensions down to ~1 nm [51-53]. Also, their moderate to low Young’s moduli (i.e. 
between 1 and 10 MPa) [45-50] enable soft, conformal contact of the mask with the 
photosensitive layer and, therefore, repeatable alignment of the optical element with 
respect to the photopolymer surface to nanometer precision without the use of elaborate 
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staging systems, as demonstrated previously with these types mask in two dimensional 
photopatterning methods [54-56]. This type of reversible and nondestructive physical 
contact has other important features.  In particular, it provides (i) a continuous, gap-free 
optical coupling between the mask and photosensitive layer, thereby enabling the regions 
in proximity to the mask to be used reliably for optical patterning, (ii) simple 
experimental setups in which additional position control systems (for the out of plane 
direction) and optical elements (i.e. imaging lenses, etc) are not required, (iii) an 
insensitivity to acoustic or mechanical vibrations during optical exposure, due to the 
physical contact between the mask and photosensitive material, (iv) relaxed requirements 
on the coherence of the exposure source due to the proximity geometry, thereby enabling 
3D patterning even with incoherent light from a lamp and (v) the ability to exploit either 
single or multi-photon effects for patterning, using the same setups with suitable light 
sources. 
These features lead to levels of patterning flexibility and experimental simplicity 
that make PnP attractive for many applications.  In particular, various schemes for 
performing PnP enable structures with unusual directionality [38] and spatial gradients in 
feature sizes [39-40], in simple or complex geometries ranging from purely periodic to 
completely aperiodic layouts and many possibilities in between, including even quasi-
crystalline arrangements [35-41].  As summarized in this chapter, we have 
experimentally demonstrated many of these capabilities and explored the use of PnP for 
various applications in microfluidics (passive mixers and filters) [35, 37], photonics 
(photonic bandgap, PBG, materials) [41], high energy density science (reservoir targets 
for shockless laser compression) [57], and chemical/drug release scaffolds [40].  These 
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and other aspects are summarized after descriptions of the optics, masks and 
photosensitive materials. 
 
1.2.2. Optics 
        The complex 3D intensity distributions that form upon passage of light through the 
phase masks can be understood by first considering the simplest case of monochromatic 
plane waves and masks that consist of parallel raised and recessed regions of relief, in the 
geometry of a line grating.  Such a setup exhibits characteristics of a well known optical 
phenomenon called the Talbot effect, or self-imaging [58-60] effect.  Here, an image (i.e. 
distribution of intensity) that forms at any given distance from the surface of the mask 
repeats, or recurs, at an integer multiple of the Talbot distance away from the mask 
surface.  The Talbot distance, ZT, is given by [58-61] 
λλ
λ 2
5.022
2
)/1(1
p
p
ZT ≅−−=   (when λ/p is small)     (1) 
where λ is the wavelength of light in the media it propagates and p is the 
periodicity of the grating.  Although the details of the distributions of intensity depend on 
many factors that do not appear explicity in Eq. (1), this simple Talbot effect, and related 
phenomena such as the fractional Talbot effect [61], explain the periodicity and basic 
features of the variations in intensity with distance from the surface of the mask. 
The Talbot effect can be observed clearly through direct measurements of the 
distributions of intensity obtained with a near field scanning optical microscope (NSOM; 
WITec, Inc).  Figure 1.2a shows such results for a line grating mask with p=600 nm and a 
relief depth (RD) of 330 nm when illuminated with HeCd laser at a wavelength of 442 
nm [56].  The lateral dimensions of the lines in this grating are smaller than the incident 
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wavelength, which leads to sub-wavelength focusing effects that create high and low 
intensity regions near the surface of the mask at the raised and recessed features of relief, 
respectively.  This image repeats, consistent with the Talbot effect and Eq. (1), at 
distances equal to integer multiples of 1365 nm.  Fig. 1.2b provides linecuts from the 
NSOM measurements (dashed line) in Fig. 1.2a.  Finite element modeling (FEM)  
(FEMLab, Comsol, Inc.) of the optics quantitatively reproduces these observations, as 
illustrated in Fig. 1.2a (left inset) and 1.2b (solid line)[56].  The situation is more 
complex for line grating masks with larger periods.  As an example, Fig. 1.2c and 1.2d 
show measurements and modeling for a mask with p=10 µm and RD=1.42 µm.  In this 
case, the Talbot distance is ~450 µm, which is sufficiently large that only the fractional 
Talbot effect appears within the field of view of Fig. 1.2.  As for the case of the short 
period grating, FEM modeling quantitatively captures all of the details of the 
experimental observations. [56] 
 The Abbe theory of image formation [62] provides an alternative view of the 
optics [35].  In this picture, the masks create multiple beams of light by diffraction.  
Although spatially separated in the far field regime, these beams overlap and coherently 
interfere in the region near the mask to produce the distributions of intensity that are 
involved in the exposure.  For the case of the short period mask of Fig. 1.2a, only three 
diffracted beams (i.e. the 0th , +1st and -1st orders) appear in the far field; the interference 
of these three beams leads to the relatively simple patterns illustrated in Fig. 1.2a and 
1.2b.  The long period mask of Fig. 1.2c, by contrast, generates 45 diffracted beams 
whose overlap creates a complex distribution with a corresponding number of spatial 
Fourier components.  A computational approach based on the Abbe picture can 
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complement the FEM technique mentioned previously.  Such calculations involve 
determining the angles, intensities, phases and polarization states of beams produced by 
far field diffraction and then computing the interference patterns that result from overlap 
of these beams.  This approach reproduces the observed patterns, consistent with FEM, 
but in a more computationally efficient manner [35, 56].  Disadvantages include a neglect 
of near field effects (rarely important for PnP), and a limited ability to compute results 
efficiently for aperiodic or quasicrystal phase masks where the numbers of diffracted 
beams can be very large. 
 The Abbe method is extremely well suited for masks that consist of two 
dimensional repeating structures of relief.  Rigorous coupled wave analysis (RCWA) 
(GD-Calc, KJ Innovation) yields the far field diffraction patterns, and separate codes 
determine the patterns of intensity that result from overlap of the diffracted beams [35].  
Simulations and measurements corresponding to a phase mask that consists of a square 
array of posts (diameter, d= 1000 nm, RD= 420 nm, and p=1570 nm.) provides an 
example of this approach.  Figure 1.3 (top frame) illustrates a 3D rendering in the form of 
a solid structure that results from the application of a cutoff filter to the intensity 
distribution [38].  Bottom fram in Fig. 1.3 provides a comparison between simulation and 
NSOM results at different distances from the mask, illustrating a good level of agreement. 
[38]  
 
1.2.3. Elastomeric Phase Masks 
     PnP relies on high quality phase masks that are simple to fabricate and capable of 
achieving the necessary conformal contact.  Transparent elastomers of the type that have 
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been traditionally used for soft lithography [45-46] are attractive for this purpose because 
optimized materials can reproduce, through casting and curing processes, relief structures 
on a ‘master’ with fidelity down to the single nanometer range [50-53].  Furthermore, this 
casting and curing process can be repeated many times with a single ‘master’ to create 
many high quality phase masks, each of which can be used multiple times.  The ‘masters’ 
for PnP typically consist of patterns of photoresist formed by deep ultraviolet projection 
mode photolithography [35].  The resulting masks involve a single depth of relief across 
their entire surfaces and are referred to as binary phase masks.  Multilevel masks can be 
created either by stacking separate binary masks or by using multilevel masters.  The 
thickness of the photoresist defines the depth of relief on a binary mask.  This relief is 
often chosen such that the phase of the transmitted light is modulated by a substantial 
fraction of π.  For typical mask materials, this depth corresponds to a distance on the 
order of one wavelength of the exposure light. 
Most of our work involves binary masks made of elastomers based on silicones or 
perfluoropolyethers.  The silicones include variants of polydimethylsiloxane (PDMS) that 
yield low (~2 MPa) and comparatively high (~10 MPa) modulus materials, which we 
refer to as s-PDMS and h-PDMS, respectively [45, 47-48].  These PDMS materials are 
attractive because they have: i) very low surface energies (~25 mN/m) [45, 47] and low 
Young’s moduli (1-10 MPa) [45, 47], which allow reversible, non-destructive conformal 
contact to flat surfaces without applied pressure, via the action of generalized adhesion 
forces [42-44], ii) the ability to replicate surface relief structures with high fidelity [51-
52], iii) high physical toughness [49-50], making them robust to repeated use and iv) low 
cost, commercial sources of material, thereby simplifying development work.  Many of 
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these same features make PDMS attractive for stamps and molds in traditional soft 
lithographic methods.  h-PDMS provides capabilities for better resolution and higher 
aspect ratio features of relief compared to s-PDMS [47-48].  Because this material is 
brittle, however, its implementation in a phase mask is most effective as a thin layer with 
a thick backing of the s-PDMS to facilitate handling [35, 48, 63].  In plane distortions, 
created during fabrication or use, can be reduced by the use of rigid backing layers in 
place of the s-PDMS [48, 63]. 
Perfluoropolyethers (PFPEs) offer certain advantages compared to PDMS for soft 
lithography, including i) lower surface energy [49-50], ii) compatibility with organic 
solvents, [49, 64] and iii) ability to produce finer features with higher aspect ratios [49-50, 
66].  These features can also be beneficial for PnP.  Previous work showed the use of a 
commercially available acryloxy perfluoropolyether, which we refer to as a-PFPE, for 
PnP and soft lithographic methods [50].  Compared to PDMS masks, the a-PFPE masks 
typically have fewer defects than those made with PDMS at certain challenging feature 
dimensions that are important for PnP [50].  The mechanical fragility of the a-PFPE is 
comparable to or slightly worse than h-PDMS. Although chemically bonding a backing 
layer of a more physically tough elastomer (e.g. s-PDMS) to PFPEs can be difficult, we 
find that phase masks consisting of thin layers of a-PFPE physically adhered to supports 
of s-PDMS can be sufficiently robust for routine use [50].  One minor disadvantage of 
using PFPE is its somewhat lower index of refraction (~1.35) compared to PDMS (~1.4), 
which demands slightly larger depths of relief to achieve comparable modulations in 
phase. 
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1.2.4. Photosensitive material 
The photosensitive materials act as a recording media to capture, in the form of 
solid structures, the 3D intensity distributions near the surface of the masks.  The physical 
and chemical properties of these materials play important roles in the PnP process.  In 
particular, the photosensitivity, the contrast, the index of refraction, and the diffusion of 
photo-catalysts affect the resolution.  The index of refraction can influence the number of 
spatial Fourier components associated with the structures; it also affects the Talbot 
distance and, as a result, the periodicity in the out of plane direction.  The mechanical 
properties determine the robustness and strength of the 3D structures, and therefore their 
ability to withstand the capillary forces that can be associated with drying after the 
development as well as stresses that can occur in applications or subsequent processing 
(e.g. templated deposition or growth of other materials).  In addition, other properties 
such as absorption length, wavelength sensitivity, and two-photon or three-photon 
absorption cross sections all can be exploited to achieve various capabilities in PnP, as 
described in subsequent sections. 
  Most of the structures reported in this article used a commercial epoxy based 
photosensitive material (SU-8, MicroChem, Inc.) [66-67]. SU-8 is a negative tone, 
cationic type of photoresist that offers high sensitivity, high resolution, and good 
transparency from the near infrared (IR) to the visible and the near ultraviolet (UV) range, 
with good structural properties, and usable levels of two-photon sensitivity [67-69]. The 
material consists of EPON® SU-8 resin (Shell Chemical), a photosensitizer (propylene 
carbonate), and a photoacid generator (onium salt) dissolved in a solvent (gamma-
butyrolacton). The photosensitizer in SU-8 is sensitive to wavelengths less than 400 nm, 
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but the absorption of the monomer is significantly higher below 350 nm [70]. The range 
of useful exposure wavelengths for implementation of PnP with one photon effects in this 
material is, therefore, between 400 nm and 350 nm.  The incorporation of alternative 
photosensitizers and photoacid generators enables sensitivity in the visible, which can be 
useful in certain cases [71].  The photochemical process involves optical absorption by 
the photosensitizer, which leads to the transfer of an electron to the photoacid generator.  
This acid, upon thermal treatment, promotes a cationic chain reaction that opens one of 
eight ring structures in the epoxy groups of the monomer for cross-linking [67, 72-73].  
The amplification provided by the chain reaction enables sufficiently low concentrations 
of acid that the optical properties are unaffected, thereby causing negligible impact on the 
3D imaging.   The main disadvantages of SU8 for PnP include limited thermal stability, 
large levels of dimensional change that can occur during development or use, and 
relatively low mechanical toughness.   
 Other photosensitive materials such as poly(methyl silsesquioxanes) (PMSSQs) 
[74-76] and certain chalcogenides [76-78] can also be used in PnP.  PMSSQ is attractive 
in part because its high thermal stability allows high temperature processing, thereby 
enabling its use as a template, for example, in chemical vapor deposition processes at up 
to ~500 C [74, 76].  Chalcogenide glasses are interesting, in part, because their high 
refractive index (2.35-3.5) leads to the possibility for direct patterning of PBG structures.  
Their high densities (3.2-6.35 g/cm3, depending on materials composition) can also be 
useful since they enable the formation of large gradients in effective density in 
nanoporous structures, which is important for certain applications discussed in a 
following section. 
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1.3. Patterning Capabilities 
Wide ranging classes of 3D structures can be formed with PnP.  The following 
sections provide examples achieved with different phase masks, with one and two photon 
processes, controlled levels of angular and spectral bandwidth for the exposure light, and 
engineered absorption properties of the photosensitive materials.  We also describe 
approaches in which soft nanoimprinting processes introduce surface relief directly into 
the photosensitive materials, to create phase modulating or other structures that can be 
used alone or together with PnP masks to yield additional classes of 3D structures. 
  
1.3.1 Periodic Structures by One-photon PnP 
The use of one photon processes for exposure represents one form of PnP.  Here, 
each incident photon has sufficient energy to initiate the chemical processes that lead to 
solid 3D structures in the photosensitive material.  Figure 1.4 shows some representative 
structures formed by one photon PnP in SU-8 with various phase masks and exposure 
wavelengths at 355 nm and 514 nm from the frequency tripled Nd:YAG laser and Ar-ion 
laser, respectively, and with 365 nm light from a mercury lamp [35].  These examples 
range from interconnected, structured elliptical elements to interleaved nanochannels.  In 
all cases, the phase mask defines the dominant spatial Fourier component in the in-plane 
direction.  The Talbot and related effects determine the variations of the structures 
through the depth of the material.  In general, as the periodicity of the features of relief on 
the masks decreases relative to the wavelength of the exposure light, the 3D structures 
exhibit fewer spatial Fourier components, consistent with both the Abbe and Talbot 
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images of the optics.  As an example of this effect, Figs. 1.4d and 1.4e show structures 
formed with a single phase mask at exposure wavelengths of 355 nm and 514 nm, 
respectively.  The structures have similar periodicities in the plane, but longer out of 
plane periods and fewer spatial Fourier components for 514 nm light compared to 355 nm.  
The exposures can be implemented also with incoherent light from UV lamps, due to the 
relaxed requirements on spatial and temporal coherence of the exposure light associated 
with the proximity mode geometry.  This feature suggests a capability for scaling to large 
areas, allowing for the potential use of a large base of installed semiconductor wafer 
contact lithography tools, and extensions into plate exposure systems used for flat panel 
displays and for printing plates used for large printing presses.  In the examples of Fig. 
1.4f and 1.4g, the exposure light was derived from a mercury lamp, geometrically 
collimated with a tube and spectrally filtered with an interference filter centered at 365 
nm.  The structures fabricated in this fashion have geometries similar to those formed 
with the 355 nm laser light.  In these and all other cases, modeling in which computed 
intensity distributions are converted to predicted 3D structure geometries through the 
application of a cutoff filter to simulate the exposure and development processes, agrees 
well with the observed shapes.  Other mask geometries, such as hexagonal arrays of posts, 
parallel lines, aperiodic array of dots, and multilevel phase masks can also generate 
useful structures [35-41].  This design flexibility represents an important feature of PnP.   
 
1.3.2 Periodic Structures by Two-Photon PnP 
 The proximity geometry of PnP also enables the use of short pulsed lasers for the 
exposures [38, 41].  Such lasers can offer sufficiently high powers that two photon 
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interactions in commercially available photosensitive materials such as SU8 can be used 
in patterning. A two-photon process involves the simultaneous absorption of photons that 
have energies equal to or somewhat more than one half of that needed to activate the 
photosensitizer [11, 79]. For SU8, the minimum peak power required for practical use of 
such a process is ~1 TW/cm2 at wavelengths of ~800 nm.  The output of a regeneratively 
amplified Ti:Sapphire laser (Spectra-Physics, Spitfire Pro) provides a convenient light 
source for this purpose.  The wavelength in this case is ~800 nm; required peak powers 
can be obtained with beam diameters of > 1 mm, pulse durations of ~140 fs and pulse 
energies of ~2 mJ.  For distances less than ~10 µm from the surface of a mask, the effects 
of spectral or temporal walkoff associated with diffraction can, to a first approximation, 
be neglected [38, 41]. The ease with which short pulses can be used in PnP contrasts with 
the technical difficulties associated with matching path lengths to achieve temporal 
overlap of multiple beams in holography approaches [80-81]. The ability to perform two 
photon PnP patterning in a single step provides advantages over the generally slow, serial 
operation of traditional two photon writing approaches [11, 32].  Compared to one photon 
PnP, the two photon process provides enhanced contrast ratios due to the quadratic 
dependence of the exposure on the intensity.  In addition, the comparatively long 
wavelengths used in the two photon process yield fewer numbers of spatial Fourier 
components in the 3D structures than the corresponding one photon process.  As a result, 
two photon PnP provides access to lattice geometries that are not easily achieved with 
one photon interactions, such as symmetrically simple structures that can be useful for 
photonic bandgap materials and other applications[38, 41].  Higher order interactions (e.g. 
three photon processes) should also be possible, with suitably designed materials.  Figure 
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1.5 illustrates some results from two photon PnP using phase masks with square and 
hexagonal geometries at different periodicities and relief depths [38].  For the structure of 
Fig. 1.5a, the mask consisted of a square array of circular posts (d=570 nm, RD=510 nm, 
and p=710 nm).  The periodicity of the phase mask, in this case, is less than the 
wavelength of the light used for the two photon exposure (~800 nm); no diffracted beams 
appear when 800 nm light passes through the mask in air.  Contact with the relatively 
high index SU-8 material, however, results in 9 diffracted beams that generate the 3D 
intensity distributions corresponding to the structures of Fig. 1.5a.  In this regime of sub-
wavelength mask layouts, the state of polarization of the exposure light can have 
pronounced effects on the geometries [38].  In particular, directionality in the 3D 
intensity distributions can be produced throughout the thickness of photopolymer by 
using linearly polarized light, as shown in Fig. 1.5d.  Circular polarization leads to 
isotropic structures, as shown in Fig. 1.5e.  Polarization can, in this way, provide an 
additional parameter for controlling the geometries.  
The exposure contrast provided by the two photon interaction allows the formation 
not only for 3D structures but also collections of individual structures.  In particular, by 
suitable control of the exposure and development conditions, PnP can form large 
numbers of colloidal particles, wires and other objects with classes of shapes that would 
be difficult to generate in other ways [38]. Fig. 1.5f shows examples of ellipsoidal 
particles formed with the mask used for the structure of Fig. 1.5a.  These and other types 
of colloidal particles can be used for fundamental studies of assembly [82] as well as 
applications in photonics and chemical sensing [4, 83].   
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1.3.3. Density Graded Structures 
In addition to polarization, wavelength and interaction processes (i.e. one or two 
photon, or more generally multi-photon), the angular and spectral bandwidth of the 
exposure light can influence the structure geometries in a controllable manner.  For 
example, these parameters, as well as the absorption strength of the photosensitive 
material at the exposure wavelength, can be used to control variations in the average pore 
sizes in the 3D structures through their thicknesses, in a monotonic or non-monotonic 
fashion.  Such layouts provide classes of density gradient structures (DGS) that are of 
interest for chemical/drug release, high energy density science targets, impact resistance 
materials and others. [39-40, 58, 84] DGS can be achieved via PnP through control of 
exposure angles [39], exposure bandwidth [39], or absorption in the photosensitive 
material [40].  The first strategy involves, for example, sequential exposures at angles of 
0° (i.e. normal to the surface of the mask), –θ and θ or exposures with 
diverging/converging beams.  The rate of change in the degree of porosity (i.e. effective 
density) through the thickness of the 3D structures increases with angular bandwidth.  For 
sequential exposures, this change is periodic with depth, yielding non-monotonic 
variations in porosity with thicknesses [39].  Purely monotonic DGS, in thick geometries 
(i.e. up to ~100 µm), can be created by introducing controlled levels of absorption in the 
photosensitive polymer through the addition of dyes [40].  Here, absorption causes the 
average exposure dose to decrease as the light propagates through the material, leading to 
associated increases in the level of porosity in the resulting structures.  Figure 1.6 shows 
an example of a thick DGS formed in this way, using a backside exposure geometry in 
which the phase mask contacts a transparent substrate that supports a film of SU8 on the 
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opposite side [40].  Figure 1.6c shows an electron micrograph indicating the variation in 
effective density of a representative DGS, where the density ranges from 19% to 100% of 
full density over a thickness of 60 µm distance.  The magnitude of the density gradient 
can be adjusted by controlling the strength of absorption in the SU8. 
  
1.3.4. Aperiodic Structures 
The examples discussed thus far use phase masks with periodic arrays of posts, 
holes and lines and other structures.  PnP can, however, be performed with much more 
complex mask designs.  In particular, aperiodic 3D structures can be formed by PnP with 
aperiodic mask layouts [35].  Figure 1.7 illustrates an example of a mask that consists of 
a square array of cylindrical posts, with an isolated defect in the form of a missing post 
[35].  This missing post causes a local variation in intensity, beginning in the near field 
but persisting and broadening as a function of distance away from the mask.  Figure 1.7a 
and 1.7b show top-views of the mask and the 3D structure, respectively.  Figure 1.7c and 
1.7d show confocal images of the structure as a function of depth, at a plane some 
distance away from the defect and approximate calculations performed with the Abbe 
approach [35].  Further study of the effects of such defects and, more generally, 
implementation of complex mask designs derived using inverse computational methods 
to achieve user-specified 3D geometries, are topics of current research. 
 
1.4. Applications 
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The wide range of 3D structures that can be generated by PnP, as illustrated in the 
previous sections, create many application possibilities.  The following provides some 
examples that we have explored in recent work. 
 
1.4.1. Filters and Mixers for Microfluidics 
Microfluidic systems benefit from filters, separation membranes, passive and 
active mixers and other devices that can be integrated directly into micron sized channels.  
In many cases, these elements can be achieved with the sorts of 3D nanostructures that 
can be produced easily by PnP [35, 37].  Mixers represent one example.  There are two 
classes of such devices: i) active systems, which use external forces generated by micron 
scale stir bars [85], peristaltic pumps [86] and others [87-88] and ii) passive systems, 
which use geometrical features, such as fluted sidewalls [89], meanders [1, 2, 88, 90] and 
related structures [89]. Active mixers provide high efficiencies at small sizes, but they are 
typically complex and difficult to integrate.  Passive mixers do not require power, but 
they provide relatively low efficiencies and often require challenging fabrication steps 
(e.g. multilevel 3D structures).  Certain classes of passive devices use multiple substream 
flow paths to provide chaotic mixing and laminating flows that can reduce the distances 
for diffusive mixing [87-89, 91].  The required sizes for these substream flow channels 
are often substantially less than one micron, making integration in the form of large scale 
3D arrays difficult for conventional fabrication techniques.  This type of patterning task, 
on the other hand, is relatively simple using the PnP approach.  Hundreds or even 
thousands of substream flow paths with dimensions down to the 50 nm range can be 
generated directly in microfluidic channels in a single exposure step.  Figure 1.8 shows 
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an example of such a passive mixer built into a serpentine microfludic channel.  The 
images indicate good structure uniformity and robust operation with widths of flow paths 
between 50 and 300 nm.  The resulting passive device exhibits high mixing efficiencies 
even under small Reynolds numbers, likely due to multiple laminating flows forced by 
the 3D structure layout [37]. Similar structures can be used as microfluidic filters and 
separation membranes [35]. In a simple example, the submicron channels generated by 
PnP serve as filters for separating submicrometer particles from fluid flows [35].  Figure 
1.8d provides an image. 
 
1.4.2. Density Gradient Structures for High energy density science Targets and 
Chemical Release 
Density gradient structures (DGS) have many potential applications, as mentioned 
previously.  In one example, time dependent release of chemicals imbibed into DGS 
materials can be controlled by tuning the size and spatial gradients in the porosity.  
Experimental results show that for the case of riboflavin filled into a DGS formed by 
absorption controlled PnP, the chemical release kinetics can be modified [40].  In a 
different application, thick DGS serve as encapsulating layers in reservoir targets for high 
energy density science [57].  In this application, appropriately designed DGS can shape 
the pressure profiles formed during shockless compression by slowing the transfer of 
momentum into the target.  The goal of using DGS in shockless compression is to 
increase the rise time to reach certain peak stress.  Figure 1.9 shows a time history of the 
ramp pressure profile resulting from a DGS (inset) designed for this purpose, whose 
variation in density appears in Fig. 1.6c.  The data indicate a 30% increase in time 
 21
required to achieve the similar levels of stress in the DGS compared to the solid structure 
[57].  This increase in rise time makes it possible to achieve higher peak stress without 
shocking the sample in the DGS system [57]. 
 
1.5. Conclusion 
In conclusion, proximity field nanopatterning, or PnP, represents a simple optical 
method that provides experimentally convenient routes to wide ranging classes of 3D 
nanostructures, in large area coverages (several square centimeters and larger) and in 
thick geometries (up to ~100 µm).  Talbot effect optics, elastomeric phase modulating 
masks, and thick transparent photosensitive materials are keys to the approach.   This 
article summarizes these aspects, as well as certain patterning capabilities enabled by 
engineered mask designs, exposure sources and optics, and materials.  Several application 
examples in microfluidics chemical release, high energy density science, colloidal 
particle fabrication and photonics were described.  Future opportunities exist in these and 
other applications, and well as in further development of the patterning approach.  As an 
example of the latter, inverse computational algorithms should allow masks to be 
designed to achieve desired structure outcomes.  These and other aspects appear to be 
promising directions for research.  
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1.7. Figures  
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Figure 1.1. Schematic illustration of process steps for a procedure, referred to as 
proximity field nanopatterning (PnP), that uses high-resolution conformable, elastomeric 
phase masks to produce three dimensional (3D) nanostructures.  (a)  First, placing such a 
mask on the surface of a solid film of a transparent, photosensitive material leads to 
intimate, conformal contact driven by generalized forces, without applied pressure.  The 
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(Figure 1.1. continue) inset shows an optical image of the phase mask as it establishes 
such contact.  (b) Next, passing light through the mask generates a complex intensity 
distribution throughout the thickness of the film. The inset shows a 3D rendering of the 
intensity measured by near field scanning optical microscopy for the case of a mask that 
has relief features in the geometry of a square array of cylindrical posts with diameters of 
375 nm, heights of 420 nm, and periodicity of 566 nm (c) Finally, washing away the parts 
of the photosensitive material that were (or were not, depending on the chemistry) 
exposed yields a 3D nanostructure.  The inset shows a scanning electron micrograph of a 
typical example. 
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Figure 1.2. Near field optical measurements and simulations (left insets) of the 
propogation of laser light (442 nm, TM polarization; HeCd) through line grating, surface 
relief phase masks with different periodicities.  Schematic layouts of the masks appear at 
the tops of the graphs and images. (a) and (c) images for masks with linewidths and 
spacings of 300 nm and of 4.4 and 5.6 µm, respectively.  (b) and (d) line cuts of the 
simulations (full line) and measurements (dashed line) from (a) and (c), respectively, 
evaluated at positions indicated by the dashed lines in these frames. 
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Figure 1.3.  Simulations and measurements of 3D distributions of intensity formed by 
passage of 442 nm laser light (HeCd) through a phase mask (polyurethane; refractive 
index of 1.56) that consists of a square array of round holes (d=1000 nm, RD=420 nm, 
p=1570 nm).  (a) solid rendering of the simulated distribution, created by application of a 
cutoff filter to the data. (b) simulated (left) and measured (right) intensity distributions 
evaluated at different distances (Z) from the surface of the mask. 
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Figure 1.4.  Scanning electron micrographs of representative 3D nanostructures formed 
by one photon PnP.  (a) large view of a 3D structure formed with 355 nm light (tripled 
Nd:YAG) and a phase mask that consists of square array of posts (d=375 nm, RD=420 
nm, p=566 nm).  (b) and (c) side and top views of the structure in (a), respectively.  The 
inset in (c) shows modeling results.  (d) and (e) 3D structures generated with a single 
phase mask (d=570 nm, RD=420 nm, p=1140 nm) using 355 nm and 514 nm (Ar ion) 
laser light, respectively.  The inset in (e) provides modeling results. (f) and (g) angled and 
side views of structures generated using the filtered output of a mercury lamp. The phase 
mask in (f) and (g) is the same as that used in (a). The inset in (g) provides modeling 
results. 
 34
 
 
3 µm
10 µm
5 µm 1 µm
1 µm 1 µm
f
ed
cb
a
1 µm
 
Figure 1.5.  Scanning electron micrographs (SEMs) of representative 3D nanostructures 
formed by two photon PnP.  (a) large area angled and top (inset) views of a structure 
generated using a phase mask with relief consisting of square array of posts (d=570 nm, 
h=510 nm, p =710 nm) and the regeneratively amplified output of a Ti:sapphire laser 
operating at 800 nm. (b) and (c) SEM top views of structures made with this same laser 
using a phase mask with relief consisting of a triangular array of posts (d=1120 nm, 
h=420 nm, p=1500 nm).  The inset in (c) shows modeling resutls.  (d) and (e) top view 
SEMs of structures generated using circular and linear (along the [0,1] direction of the 
mask) polarized light with the mask used for the structure in (a), respectively.  (f) SEM of 
ellipsoidal particles and modeling (inset) generated using the phase mask in (a). 
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Figure 1.6.  Density gradient structure (DGS) generated by one photon PnP using an a-
PFPE phase mask with relief consisting of a hexagonal array of cylindrical posts (d=460 
nm; RD=420 nm; p=600 nm).  (a) optical image of a DGS film on a glass substrate.  (b) 
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scanning electron micrograph of a cross section of this sample.  (c) X-ray radiographs 
showing the variation in effective density with position through the thickness of the 
sample. 
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Figure 1.7.  (a) and (b) scanning electron micrograph of the top of a phase mask with 
relief consisting of a square array of posts (d=375 nm, RD=420 nm, and p=566 nm) with 
a isolated missing dot and corresponding 3D structure formed by one photon PnP, 
respectively.  (c) confocal micrograph of the x–z plane of the structure imaged at a 
position along y that is far from the missing post (i.e., defect structure). (d) Similar image 
collected at the location of the defect.  The inset shows modeling results.  The dotted line 
highlights certain features.  
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Figure 1.8.  (a) and (b) image and micrographs, respectively, of a microfluidic device that 
contains an integrated 3D nanostructure formed by one photon PnP.  (c) confocal 
micrograph of a microfluidic mixer that consists of a 3D nanostructure embedded in a 
serpentine channel, collected at a flow velocity (right to left) of 6.67 mm/s.  The red in 
these images corresponds to fluorescence recorded from Rhodamine dye in water using 
laser excitation at 514 nm (Ar-ion).  The uniform red color at the output (left) indicates 
good mixing of the initially unmixed, laminar streams at the input (right).  (c) scanning 
electron micrograph of a 3D nanostructure filter built into the channel of a microfluidic 
system (flow from left to right).  The colorized red beads are filtered at the edge of the 
structure. 
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Figure 1.9.  Time history of the ramp pressure profile with and without a density gradient 
produced by PnP in a layer of SU-8.  Also shown are the calculated pressure profiles 
from the LASNEX plasma physics code (Zimmerman and Kruer, 1975).  The pressure 
and time axes have been normalized to facilitate comparisons. 
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CHAPTER 2 
 
MOLDED TRANSPARENT PHOTOPOLYMERS AND PHASE SHIFT OPTICS 
FOR FABRICATING THREE DIMENSIONAL NANOSTRUCTURES 
 
This chapter was published as ‘Molded Transparent Photopolymers and Phase Shift 
Optics for Fabricating Three Dimensional Nanostructures,’ S. Jeon, D.J. Shir, Y.S. Nam, 
R. Nidetz, M. Highland, D.G. Cahill, J.A. Rogers, M.F. Su, I.F. El-Kady, C.G. 
Christodoulou and G.R. Bogart, Optics Express 15(10), 6358-6366 (2007). Reproduced 
with permission from Optical Society of America. 
 
This chapter describes approaches that combine micro/nanomolding, or 
nanoimprinting, techniques with proximity optical phase mask lithographic methods to 
form three dimensional (3D) nanostructures in thick, transparent layers of photopolymers.  
The results demonstrate three strategies of this type, where molded relief structures in 
these photopolymers represent (i) fine (<1 µm) features that serve as the phase masks for 
their own exposure, (ii) coarse features (>1 µm) that are used with phase masks to 
provide access to large structure dimensions, and (ii) fine structures that are used together 
phase masks to achieve large, multilevel phase modulations.  Several examples are 
provided, together with optical modeling of the fabrication process and the transmission 
properties of certain of the fabricated structures.  These approaches provide capabilities in 
3D fabrication that complement those of other techniques, with potential applications in 
photonics, microfluidics, drug delivery and other areas. 
 
2.1. Introduction 
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Applications of three dimensional (3D) nanostructures in microfluidics,[1, 2] 
photonics,[3, 4] sensors,[5] fuel cells and battery devices,[6] catalyst supports,[7] data 
storage materials,[8] and density gradient systems[9] create interest in the development of 
methods for fabricating such structures.  Many techniques exist, although most have 
disadvantages, including some combination of slow patterning speeds, limited structure 
geometries, experimentally inconvenient setups, and difficult scale-up to large areas.  
Methods that use three dimensional optical techniques with phase and/or amplitude 
masking elements can be relatively simple to use, they can involve parallel, high speed 
(i.e. single exposure) operation and they can be applied to large areas.[10, 11]  One such 
method, which we refer to as proximity field nanoPatterning (PnP),[12, 13] uses 
conformable, elastomeric phase masks to pattern thick, transparent layers of 
photosensitive materials.  This approach involves a contact exposure geometry achieved 
through the action of generalized adhesion forces that pull the mask into atomic-scale, 
conformal contact with the photosensitive layer.[14, 15]  Light passing through the mask 
creates a three dimensional distribution of intensity in proximity to its surface that 
exposes the photosensitive layer through its thickness.[13]  Removing the regions of 
material that have (or have not, depending on the chemistry) been exposed yields a solid 
form, 3D replica of the intensity distribution.  The optics of this system, which involves 
self-imaging and Talbot effects, determines the geometries of these 3D structures.  The 
layout of the mask and its optical properties, the coherence, color and directionality of the 
exposure light, the optical properties of the photosensitive material and the nature of its 
interaction with the exposure light (e.g. one or multi photon effects) represent some of the 
parameters that can be controlled to yield structures with certain desired 3D shapes.  
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Although many varied classes of periodic and aperiodic 3D structures have been 
demonstrated[12, 13, 16, 17], important limitations remain. 
This chapter presents methods that extend the range of structures that can be 
formed by PnP and related approaches.  The results introduce, in particular, methods for 
using molding, or nanoimprinting, techniques to form patterns of relief in photosensitive 
materials that can be used in combination with, or as replacements for, the masking optics.  
This strategy provides important additional flexibility in the patterning process that can 
be exploited to yield 3D structures with potential applications in photonics and other 
areas.  In one version of this approach, fine surface relief features (i.e. sub-micron) 
molded on a transparent photosensitive material provide a phase modulation that acts, 
effectively, as a phase mask for patterning the optical exposure of this material under 
uniform illumination.  This use of molded relief as a phase mask is conceptually related 
to previous demonstrations of patterning two dimensional thin (~ 100 nm) line structures 
using near field effects.[18, 19]  The 3D implementation introduced here, which we refer 
to as maskless PnP, is important because it provides access to phase mask characteristics 
(i.e. depths of phase modulation and feature sizes), and resulting structure geometries that 
are difficult to achieve using known materials for the elastomeric phase masks used in the 
usual version of PnP.  A second variant of this molding approach, which is conceptually 
different than the first, uses comparatively coarse molded features of relief with optical 
exposures through separate phase mask elements.  3D structures with both fine (i.e. 100 
nm – 5 m) and coarse (i.e. 10 m to several centimeters or larger) features can be 　 　
achieved in this manner. In a third embodiment, molded and separate phase masks are 
implemented together to yield large, multiple levels of phase modulation from shallow, 
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binary relief in the masks, thereby providing an experimental route to 3D logpile and 
other structures that are difficult to form with simple masks in a single exposure step.  
These three approaches, which all rely on the concept of the combined use of molding 
and phase mask techniques, are illustrated in the following through optical modeling and 
the fabrication of representative structures. 
 
2.2. Experimental Approaches 
Figure 2.1 shows the basic molding approach, as implemented for the case that 
the molded relief provides the phase modulation for 3D patterning.  For the work 
described here, the molds consisted of surface embossed pieces of the elastomer 
poly(dimethylsiloxane) (PDMS, Dow Corning), formed using the casting and curing 
processes of soft lithography with patterns of photoresist on silicon wafers as templates.  
The fabrication details can be found elsewhere [10,19].  The relief structures consisted of 
parallel lines and cylindrical posts in square arrays.  The latter masks involved diagonal 
dimensions (d), heights (h) and center to center separations (p) of d=570 nm, h=420 nm, 
and p=710 nm for ‘mask 1’, and d=375 nm, h=420 nm, and p=566 nm for ‘mask 2’.  The 
former masks, which we refer to as ‘mask 3’ consisted of line and space gratings with 
h=220 nm and p=400 nm.  Thick (~10 µm), spin-coated (3000 rpm, 30 sec) layers of an 
epoxy based negative photoresist (SU-8, Microchem) served as the photosensitive 
material.  The PDMS molds created surface relief structures in these layers in solvent 
assisted (ethanol) or thermal (~75 C) nanoimprinting processes.[2]  Highly reproducible, 
spatially uniform structures of surface relief over areas limited only by the size of the 
PDMS elements (5 x 5 mm for results presented here) and with dimensions down to the 
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single nanometer range can be achieved with these procedures.[20]  Figure 2.1 provides 
scanning electron micrographs of some representative structures obtained with mask 1 
and mask 2.  The exposure step consisted of passing a uniform beam of laser light 
through molded samples such as these, with or without a PDMS phase mask in contact 
with their surfaces.  These exposures, in different experiments, exploited one and two 
photon effects (1-ph and 2-ph, respectively) in the SU8.  For the one photon (1-ph) case, 
the central part (~6 mm in diameter) of the collimated, linearly polarized 355 nm output 
of a tripled Nd:YAG laser (Teem Photonics Inc.) was used.  The laser had pulse duration 
of 0.46 ns at a repetition rate of 9.12 KHz and average power of 6.8 mW.  A 
regeneratively amplified Ti:Sapphire laser (Spectra-Physics, Spitfire Pro) operating at a 
wavelength of 800 nm with an energy/pulse of ~1.80 mJ, a repetition rate of 1 KHz, and a 
pulse width of ~140 fs provided the high intensity exposure source for two photon 
patterning.  Circularly polarized light was used in this case.[17]  A single lens with a 
focal length of f = 400 mm focused the beam to provide the necessary intensity (~ 1 
TW/cm2) for effective two photon exposure.  Even though the beam was not fully 
collimated, its small convergence angle (<10 mrad) led to minimal effects in the 
patterned structures.  This non-collimated setup allowed the intensity at the sample to be 
adjusted simply by translating the sample.  The diameter of the beam out of the laser was 
~1 cm; the diameter at the exposure location was 3-4 mm.  In both the one and two 
photon cases, postexposure baking of the SU8, followed by washing away the 
uncrosslinked regions and supercritical drying completed the fabrication.[10]  Optical 
modeling used a commercial rigorous coupled wave analysis package (gsolver[21]) and a 
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separate interference code written in Matlab (Mathworks Inc.).  Details can be found 
elsewhere.[13, 17] 
 
2. 3. Results and Discussions 
Figure 2.2 presents structures formed by passing 355 nm laser light through the 
structures of Fig. 2.1, in a 1-ph maskless PnP process.  Mask 1 and mask 2 formed the 
relief structures for Fig. 2.2b, c and Fig 2.2d, e, respectively.  Calculation shows that the 
numbers of beams diffracted by the molded relief, which determine the number of spatial 
Fourier components associated with the structures, are 37 and 21 for Mask 1 and 2, 
respectively.  The associated differences in the structures are qualitatively apparent from 
the cross-sectional images (Fig. 2.2b,e).  The overall geometries in these two cases each 
resemble those formed by exposure of flat layers of SU8 with these masks [13] because 
the number of diffraction orders and their propagation vectors are similar in the mask and 
maskless cases.  Some differences appear in the surface regions, due to the molded relief 
and the prominence of near field effects.  Other, more subtle, differences in the bulk of 
the patterned structures are also present, due to differences in the index of refraction of 
PDMS and SU8 and in the coupling of diffracted light into the bulk of the SU8 films.  
The results suggest, then, that in the regime where the phase structures create many 
diffracted beams, maskless PnP can provide an alternative route of patterning when direct 
conformal contact of phase mask to patterning material is not feasible.  Also, the molding 
process can be implemented in ways that are inconvenient with masks.  For example, 
molding with a small mold in a step-and-repeat fashion or with a cylindrical mold in a 
continuous reel-to-reel setup [22] can yield processed films that are suitable for large area 
maskless patterning in a single exposure step. 
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The value of the maskless approach in producing structure geometries that are not 
easily achieved using the mask based technique is most clearly evident when applied in a 
2-ph patterning mode.  Previous work [17] reported body centered tetragonal structures 
produced by 2-ph PnP with 810 nm fs pulsed exposure light and a phase mask with 
h=510 nm, d=570 nm and p=710 nm.  Similar structures with face centered cubic 
geometries would require a mask with a much shorter period, p ~ 540 nm.  The 
fabrication challenges associated with creating an elastomeric mask that has this 
geometry and, at the same time, offers sufficient depth of relief to provide adequate phase 
shifting are extreme.  Mechanical instabilities and fracture of relief features in typical 
elastomers make sub-micron features with aspect ratios of larger than ~2x are difficult to 
produce reliably.  Classes of elastomers (e.g. PDMS or perfluoropolyether) that have 
been used for phase masks have indices of refraction in the range of 1.34-1.4.  These two 
considerations lead to masks with the lateral layout of mask 2, for example, that can 
provide, at most, phase shifts of up to ~ 0.5π.  Mask 2 offers such a small phase 
modulation (i.e. ~0.4π) that the intensity contrast ( minmax / II ) of the 3D intensity 
distribution that forms in the photoresist with 800 nm light is only <6, even in 2-ph mode.  
The maskless approach avoids this problem because it transfers relief structure from the 
elastomeric masks into the photosensitive materials, which can be designed with 
comparatively high index of refraction.  The index of SU8 is, for example, ~1.58. This 
value leads to a phase modulation of ~0.63π and a intensity contrast of >50 in the same 2-
ph mode.  Figure 2.3 presents a representative 3D patterning result, together with optical 
modeling of the intensity distribution.  This structure has close to fcc symmetry, with 
lattice parameters of 800 nm in-plane (Fig. 2.3c) and 915 nm out-of-plane (Fig. 2.3d), 
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both in good agreement with modeling.  These types of layouts might have possible 
applications and wavelength selective filters and, if used as templates for the growth of 
high index materials, as photonic bandgap structures.  The bottom frame of Fig. 2.3 
illustrates some measurements and calculations of transmission of light passing through a 
representative structure in a direction parallel to its surface normal. 
The calculations were performed using Rigorous Coupled Wave Analysis 
(RCWA) technique.[23]  RCWA employs Fourier series expansions to express and 
approximate unknown electromagnetic fields in order to solve Maxwell’s equations for a 
given frequency on a grating-like structure, which is assumed to be infinitely periodic in 
transverse directions. Solving Maxwell’s equations inside and outside the grating, a 
matrix representation known as an S matrix is produced for the grating. Using the S 
matrix, it is possible to calculate the reflection, transmission and absorption coefficients 
for the selected frequency. Complex, three-dimensional structures are divided into 
grating-like layers in the propagation direction. The S matrices for those layers are then 
combined to give an overall S matrix for the complex structure. For this experiment we 
modeled our structure as interconnected cubes arranged in a face centered tetragonal 
(FCT) lattice with a lattice constant of 566 nm in the transverse directions. The cubes are 
interconnected with SU8 rods of 100 nm width. The tetragonal lattice pitch in the 
propagation direction is 800 nm, the cube widths are 350 nm and 32 periods of the FCT 
lattice were placed along the propagation direction. The discrepancy between the 
modeling parameters and the parameters implied by the intensity distribution (915 nm 
pitch, 400 nm cube width) stems from structure shrinkage in post-processing. 
Experimental measurements were carried out by Fourier Transform Infrared 
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Spectroscopy (Bruker Optics Inc., model Hyperion 1000) with wavelength ranging from 
0.8 µm to 2 µm. The spot size in all measurements was 30 nm. The location of peak 
agrees well, after considering structural shrinkage along the thickness of the structure and 
variation of filling fraction by exposure time of samples.  The shrinkage along the depth 
of film ranges from ~10 to 20% depending on the exposure dose. In-plane periodicity is 
fixed by the underlaying adhesion layer and the shrinkage is negligible in this direction. 
The magnitude of the reflection peak evaluated by modeling (~100 %) is somewhat 
different than that measured experimentally (~60 %).  Irregular shrinkage and minor 
structural disruption during developing and drying could cause this mismatch.  In 
addition, non-uniformity of Gaussian beam profile during exposure could cause non-
uniform filling fraction across the measured area.  
Figure 2.4 demonstrates a second means to exploit molding in 3D optical 
fabrication. Here, a PDMS mold (mask 4) with coarse structures of relief first molded a 
layer of SU8 into the form of rib type waveguides with heights and widths of ~10 m.  　
Next, placing mask 2 into contact with this structure established conformal contact to the 
raised regions.  A blanket exposure through the mask in this configuration exposed the 
molded waveguides to the 3D distribution of intensity that formed in proximity to the 
mask and constructed, after post-exposure baking and developing, 3D nanostructured 
waveguides as illustrated in Fig. 2.4.  The coarse relief structures have, of course, some 
role also in the optics of this process.  Index matching fluids could be implemented to 
avoid such effects, if necessary.  Structures of this type could be useful as scattering 
elements or filled nanoporous elements integrated into optical waveguides, or as semi-
permeable boundaries between microfluidic channels. 
 48
A third implementation of molding involves the combined use of maskless 
structures with masks to achieve multi-level phase modulations in geometries that can be 
much more complex than either those associated with the molded structures or the masks 
themselves.  As a simple example, illustrated in Fig. 2.5a, surface relief structures of line 
and space phase grating (mask 3) were first molded on the surface of a layer of SU-8.  
The same PDMS element used for this molding formed the phase mask.  Exposing the 
molded structure through the mask, in conformal contact with its relief structures oriented 
at 90 degrees relative to the molded ones, yielded an effective 2 level phase modulation 
in a logpile type configuration (Fig. 2.5b) with maximum phase modulation that is 
substantially larger than that associated with either the mask or the molded maskless 
structure.  For the mask dimensions used in this demonstration, only nine Fourier 
components are involved in formation of interference patterns formed with 355 nm 
exposure light.  As in the case of the fcc structure, at the small dimensions associated 
with mask 3, it is extremely difficult to achieve relief depths that reach the π-phase shift 
condition, particularly in the case of grating layouts where collapse of adjacent lines is a 
dominant mechanism for the formation of defects.  Mask 3 has a relief depth of ~220 nm 
relief depth which is ~π/2 for 355 nm light, such that the combined mask/maskless multi-
level grating creates a maximum phase shift that is close to π.  Figure 2.5c,d present 
images of 3D structures that have 400 nm in plane periodicity.  This structure can be 
interpreted as a superposition of two body centered tetragonal structures that have same 
in-plane (400 nm) and different out-of-plane (1380 and 2880) lattice parameters.  The 
bottom frames provide modeling results that capture many aspects of these structures. 
 
2.4. Conclusion  
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In summary, this chapter introduces a method for combining molding, or 
nanoimprint, techniques with phase mask approaches to fabricate 3D structures in 
transparent photosensitive materials.  These ideas provide additional design flexibility in 
the structure geometries that can be achieved compared to those possible with optical 
approaches alone, due either to limitations associated with the optics and/or materials 
used for the phase masks.  Examples presented here illustrate, in particular, the ability to 
form structures with geometries approaching fcc, with both coarse and fine features and 
with logpile-like layouts.  Addition of amplitude modulating elements, mask designs with 
increased complexity and other strategies might be implemented in conjunction with the 
molding techniques presented here to enable further advances in this type of patterning 
technology. 
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2.6. Figures 
 
Figure 2.1:  Schematic illustration of the formation of relief structures on the surface of a 
photosensitive transparent polymer (SU-8) (a, b) for a maskless, phase optic approach to 
formation of 3D nanostructures.  Scanning electron micrographs of the molded structures 
(c, d).  These relief patterns consist of square arrays of cylindrical holes (depth: 420 nm) 
with diameters of  570 nm (c, mask 1) and 375 nm (d, mask 2) and periodicities of 710 
nm and 566 nm, respectively.  Highly uniform structures of this type can be formed over 
large areas (5 x 5 mm for the examples shown here). 
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Figure 2.2:  Schematic illustration (a) of optical exposure through the molded surface of a 
transparent layer of a photopolymer (SU-8).  Cross-sectional (b, e) and top view (c, d) 
scanning electron micrographs of 3D nanostructures by developing away unexposed 
regions of the polymer.  Mask 1 and 2 were used for (b, c) and (d, e), respectively. 
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Figure 2.3:  Scanning electron micrographs of 3D nanostructures formed by 2 photon 
patterning by exposure through a layer of the photopolymer SU-8 molded with Mask 2.  
Scanning electron micrograph of cross-sectional (a) and angled (b) views.  Intensity 
distributions computed along the 6 (001) plane, top view (c), the (110) plane, side view 
(d), 3D rendering after applying cut-off filter (e), and reflection spectrum from 
experimental and modeling results (f). 
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Figure 2.4:  Schematic illustration of 3D structures formed by first molding coarse (~10 
µm widths and depths) features into a layer of a transparent photopolymer (SU-8) (a,b) 
and then exposing the structure by passing light through a phase mask while it is in 
conformal contact with the molded SU-8 (c,d).  The scanning electron micrographs show 
the molded features (e) and the resulting 3D structures (f).  The mold for (c) had 10 µm 
line and space features with relief depth of 10 µm.  Mask 2 was used for steps (c,d). 
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Figure 2.5:  Schematic illustration of molding mask 3 on SU-8 surface (a) and initiating 
conformal contact of the same mask on the molded surface (b).  SEMs of patterned 3D 
structures from the system shows top image (c) and bird’s eye view (d). Image of 
modeling from (001) plane, top view (c), from (110) plane, side view (d), and 3D 
rendering after applying cut-off filter (e).   All structures and modeling are from molded 
SU-8 film by Mask 3. 
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CHAPTER 3 
THREE DIMENSIONAL SILICON PHOTONIC CRYSTALS FABRICATED BY 
TWO PHOTON PHASE MASK LITHOGRAPHY 
 
This chapter was published as ‘Three Dimensional Silicon Photonic Crystals Fabricated 
by Two Photon Phase Mask Lithography,’ D. Shir, E.C. Nelson, Y.C. Chen, A. 
Brzezinski, H. Liao, P.V. Braun, P. Wiltzius, K.H.A. Bogart and J.A. Rogers, Applied 
Physics Letters 94, 011101 (2009). Reproduced with permission from American Institute 
of Physics. 
 
This chapter describes the fabrication of silicon three dimensional photonic 
crystals using polymer templates defined by a single step, two-photon exposure through a 
layer of photopolymer with relief molded on its surface. The resulting crystals exhibit 
high structural quality over large areas, displaying geometries consistent with calculation. 
Spectroscopic measurements of transmission and reflection through the silicon and 
polymer structures reveal excellent optical properties, approaching properties predicted 
by simulations that assume ideal structures.   
 
3.1. Introduction  
Three dimensional (3D) photonic crystals are of interest for their potential to 
enable technologies such as low threshold lasers through control of spontaneous emission 
[1], compact routing via low-loss optical waveguides in three dimensions [2], high speed 
optical circuits [3]. From a practical standpoint, the main challenge in achieving these 
types of devices lies in the fabrication of the required precise, submicron 3D crystal 
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structures.  Many fabrication methods show promise, including colloidal self-assembly 
[4], two-photon direct writing [5], multi-beam interference lithography [6-8] and robotic 
casting through fine nozzles [9].  Of these methods, interference lithography is attractive 
for its ability to pattern large areas at high speeds.  The main disadvantages are the 
experimental complexities associated with the generation and phase-stable manipulation 
of multiple laser beams, and the limited practical levels of engineering control over the 
structure geometries.  Recent work with phase mask optics [10-13], particularly with 
those that use conformable elements or molded relief to enable intimate contact mode 
exposures [10-12], avoid some of these challenges. Combining phase mask optics with 
two-photon (2ph) processes further improves the patterning capability and provides 
structures with quality far better than those formed by the corresponding single photon 
process [14-15]. This chapter demonstrates the ability of this latter type of approach, 
sometimes referred to as two-photon proximity field nanopatterning (2ph-PnP), to form 
silicon/air photonic crystals with excellent optical properties, thereby establishing it as a 
competitive alternative and/or complement to other more widely explored techniques. 
 
3.2. Experimental Approaches 
For this work, we employed maskless PnP using molded patterns of relief in a 
photopolymer as the phase modulating element [11, 15]. Schematic illustrations of the 
molding process are provided in Figures 3.1a and 3.1b. The mold consisted of a slab of 
the elastomer poly(dimethylsiloxane) (PDMS, Dow Corning) elastomer cast and cured 
over patterned photoresist on a silicon wafer defined by deep ultraviolet projection mode 
photolithography.  Molding the photopolymer layer (SU8, Microchem Inc.) with this 
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mold using a solvent assisted process [15] yielded structures in the inverse geometry of 
the mold.  Replication with precision at the single nanometer level over large areas (14 x 
12 mm for work described here) is routinely possible [15-16]. Pictures of the mold and 
the molded photopolymer layer are shown in Fig. 3.1c and 3.1 d, respectively. Scanning 
electron micrographs (SEM) of the relief in the photopolymer are presented in Fig. 3.1e 
and 3.1f. For the work described here, the structure consisted of a square array of holes 
with hole diameter (d), periodicity (p), and relief depth (rd) of d=400 nm, p=540 nm, and 
rd=400 nm.  
 
3.3. Results and Discussions 
The molded photopolymer layer served as both the optical phase mask and the 
recording media for 3D patterning. Blanket exposures of this material followed by 
removal of the unexposed regions in a development process produced high quality 3D 
structures over large areas, via two photon effects. This procedure enables (i) efficient 
optical coupling of the exposure light into the photopolymer due to the use of molded 
relief instead of a separate phase mask (ii) high contrast exposure due to the quadratic 
intensity dependence of two-photon absorption, and (iii) simple experimental setup, 
without the need for optical phase stability, beam splitting and steering optics or separate 
spatial modulators. In this work, an amplified Ti:Sapphire laser (Spectra-Physics, Spitfire 
Pro) with wavelength of 800 nm, repetition rate of 1 kHz, average power of ~2W, and 
pulse width of ~140 fs served as the light source. Laser output through a lens (f = 400 
mm) with small convergence angle (<10 mrad) provided peak powers sufficiently high to 
initiate two-photon absorption efficiently in SU8. For results presented here, the beam 
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size (~ 3 mm diameter) defined the exposure area.  The use of circularly polarized light 
eliminated any polarization-induced spatial anisotropy [14].  The molded relief produced 
5 diffraction beams in SU8 and their interference formed 3D intensity distributions that 
defined the exposure geometry.  Distributions calculated using Rigorous Coupled Wave 
Analysis (RCWA) suggest a symmetry close to face-center cubic (FCC), with lattice 
parameters of 763 nm in-plane and 789 nm out-of the plane, as illustrated in Figure 3.2a 
and 3.2c. The high intensity contrast of maskless 2ph-PnP produced robust 3D structures 
with geometries in good agreement with these simulations. Images of representative 3D 
structures formed in this manner are presented in Fig. 3.2. Large area top view, angled 
view, and cross-sectional view are shown in Fig. 3.2b, 3.2d, and 3.2e respectively. Due to 
cross-linking reactions and other processes in the photopolymer, the 3D structures shrink, 
by 5-10%, in the vertical dimension after developing.  Lateral shrinkage was negligible, 
due to adhesion to the substrate.  
Structures with this geometry are of interest for photonic crystal applications, 
particularly when fabricated from materials that offer higher indices of refraction than the 
polymer used here.  To explore this possibility, we formed silicon photonic crystals via a 
single step silicon inversion process with the 3D polymer structures as templates [7]. The 
steps involved conformal growth of Al2O3 deposited by atomic layer deposition (ALD), 
followed by growth of amorphous silicon using low temperature (325°C, with 400 mbar 
of disilane) static chemical vapor deposition (CVD) [7]. The alumina provided the 
necessary thermal stability for the CVD. Each cycle (15 h) of silicon growth formed 
coatings with thickness of ~28 nm. Three cycles accomplished complete infiltration of all 
accessible pore volumes. Reactive ion etching (1 min at 70 W, 100 mTorr, 20 sccm each 
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SF6/O2) removed the silicon on top of the structure, formed due to the conformal nature 
of the growth process.  Immersion in hydrofluoric acid (5% HF in 50/50 ethanol/water 
mixture) etched away the alumina. The polymer was removed by burn out at 410°C for 4 
h to complete the fabrication of a silicon-air 3D structure.  SEM images of a 
representative Si inversion structure are shown in Figure 3.3 with a large area and high 
resolution (inset) top view (Fig. 3.3a) and an angled cross-sectional view (Fig. 3.3b).  
To characterize the quality of the structures and their optical properties, we 
performed normal incidence transmission and reflection measurements using an optical 
microscope (Bruker Optics Inc., Hyperion 1000) coupled to a Fourier Transform Infrared 
(FTIR) Spectroscometer (Bruker Optics Inc., Vertex 70), with a silver mirror and air for 
reflectance and transmittance reference, respectively. Experimental and calculated spectra 
for the polymer template and silicon-air photonic crystal are shown in Fig. 3.4a and 3.4b, 
respectively. The measurement spot size was 45 µm, obtained with a 10x objective lens 
and 0.45 mm spatial aperture. Due to the Gaussian intensity profile of the exposure laser 
beam, the sample experienced different exposure doses at different locations, leading to 
different shrinkage and fill fractions. These different shrinkage and fill fractions lead to 
variations in the strength of reflection peak and location of the center wavelength, as 
shown in the insets in Fig. 3.4a and 3.4b.  Due to this effect, and possibly other sources of 
slight nonuniformity, increasing the spot size to 110 µm led to reductions in reflectance 
by ~10%. Despite this, the polymer structure exhibited a strong reflection peak (~65 %) 
comparable to the best results very recently obtained by interference lithography [8], and 
much better than other reports (~30%) [7, 17-20]  The silicon photonic crystal shows a 
broad reflection peak at slightly longer wavelengths and with higher reflectance (~80%). 
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The increased bandwidth and strength of the reflection peak as well as the shift in its 
center position to longer wavelength, as compared to the case of the polymer structure are 
all consistent with the comparatively higher index of refraction of the silicon. The peak 
reflection is significantly higher than the best previous reports (30-50%) of silicon 3D 
photonic crystals formed by interference lithography [7, 18].  The periodic oscillations at 
long wavelengths correspond to Fabry-Perot (F-P) fringes produced by reflections from 
the top and bottom surfaces. The presence of fringes is consistent with high structural 
quality [8]. Together, F-P fringes and SEM measurements provided information on filling 
fraction (i.e. fractional volume of polymer or silicon, to air) and structure periodicity. The 
overall shapes of the structures were determined from the RCWA calculations, with a 
cutoff filter and degree of shrinkage set to match the experimentally measured quantities.  
For the case of Fig. 3.4, the fill fraction for the polymer structure was 56.7 % and the 
periodicity was 700 nm in the vertical direction (~ 10% shrinkage). Simulations of silicon 
growth based on the parameters of polymer template suggested a pinch-off fill fraction of 
14.5% for the silicon structure, in good agreement with the fill fraction obtained 
experimentally (14%, estimated from the F-P fringes in Fig. 3.4b). Simulated reflection 
spectra were obtained using a one dimensional transfer matrix method [17] and the finite-
difference time-domain (FDTD) method with MIT electromagnetic equation propagation 
(MEEP) freeware for the polymer template and silicon structure, respectively. Compared 
to simulations, we observed slightly lower and broader reflection peaks in both polymer 
and silicon structure. The deviations can be attributed to slight sample inhomogeneities, 
light scattering due to surface roughness, and distortion associated with the fabrication 
processes. Since the FDTD simulations model silicon, a semiconductor, as a perfect 
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dielectric material, it is not surprising that there is a discrepancy with experimental 
reflection measurements, likely due to light absorption and stronger light scattering from 
a rougher surface of the Si inversed structure.  
 
3.4. Conclusion 
In conclusion, the results presented here demonstrate a very simple method to 
fabricate 3D structures that show photonic properties that are as good as or better than 
those obtained using other approaches.  The scalability of the technique to large areas, its 
high throughput operation and experimental simplicity, combined with engineering 
flexibility in the geometries of the structures that are produce suggest a promising route 
to fabrication of photonic and other classes of 3D systems.  
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3.6. Figures 
 
Figure 3.1: Schematic illustrations, optical and scanning electron microscopy (SEM) 
images of the process for fabricating embossed relief on a layer of a photopolymer for 
subsequent use in an optical method to form 3D structures in the polymer. (a) and (b) 
Schematic illustrations of the molding step. (c) and (d) Optical image of the phase mask 
and the molded photopolymer, respectively. (e) SEM images of a top view of the surface 
embossed photopolymer. (f) High resolution SEM images of cross-sectional (top frame) 
and top views (bottom frame) of the molded photopolymer. 
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Figure 3.2: Optical simulations of the exposure process and resulting 3D polymer 
structures. (a) and (c) angled view of multiple unit cells and top (c, left frame) and side (c, 
right frame) of computed 3D intensity distributions viewed after application of a binary 
cutoff filter to simulate the exposure and development process.  (b), (d), and (e) SEM 
images of representative 3D structures formed in a photopolymer. (b) Large area top view, 
with high resolution inset. (d) and (e) Angled and cross-sectional views, respectively. 
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Figure 3.3: SEM images of a silicon structure formed using a corresponding polymer 
template. (a) and (b) Large area top and angled cross-sectional views of a typical sample, 
respectively. The inset in (a) shows a high resolution top view. 
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Figure 3.4: Measured and simulated normal incidence reflectance/transmittance spectra. 
(a) and (b) Results from a polymer structure and its silicon inverse structure, respectively. 
The dotted and solid lines in both frames correspond to simulation and experiment, 
respectively. The insets show the distribution of the center wavelength and peak 
reflectance determined by measurements of different locations of a representative 
structure.  
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CHAPTER 4 
DUAL EXPOSURE, TWO PHOTON PHASE MASK LITHOGRAPHY FOR 
THREE DIMENSIONAL SILICON INVERTED WOODPILE PHOTONIC 
CRYSTAL 
 
This chapter will be submitted as ‘Dual Exposure, Two Photon Phase Mask Lithography 
for Three Dimensional Woodpile Photonic Crystals,’ D. Shir, E.C. Nelson, D. Chanda, A. 
Brzezinski, P.V. Braun, P. Wiltzius, and J.A. Rogers, Small, submitted 
 
This chapter demonstrates the fabrication and characterization of three 
dimensional silicon woodpile photonic crystals. A dual exposure, two photon phase mask 
technique yields polymer structures with high structural quality over large areas, and 
layouts that quantitatively match expectation based on optics simulations of the process.  
Depositing silicon into these polymer templates followed by removal of the polymer 
forms silicon woodpile photonic crystals for which calculations suggest sizeable photonic 
bandgaps over a wide range of structural fill fractions. Spectroscopic measurements of 
normal incidence reflection from both the silicon and polymer structures reveal good 
optical properties.  
. 
4.1. Introduction  
Three dimensional (3D) photonic crystals are of interest due to their ability to 
control light in ways that would be difficult with conventional optical components [1-3].  
Fabricating such submicron, 3D structures with the required precision, however, presents 
a major and long-standing engineering challenge for practical application of this class of 
component. Many methods [4-9] have been explored. Of these, multi-beam interference 
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lithography (IL) [6] is appealing due to its flexibility in structure design and capacity for 
patterning large areas in a parallel fashion at high speed. The main disadvantages include 
an inability to form structures characterized by more than a few spatial Fourier 
components and generally complex fabrication setups with low tolerance to 
environmental changes.  Fabrication techniques based on phase masks [10-17], 
particularly those that use conformal masks in soft, contact mode exposure geometries 
[10-16], avoid some of these drawbacks to provide simple routes to photonic crystals [14] 
and even aperiodic, spatially graded, or quasicrystalline structures [12-13].  In this paper, 
we demonstrate the formation of 3D woodpile structures using a conformal phase mask 
approach that exploits two-photon absorption in a dual exposure mode using two separate 
masks and optical effects related to those proposed in [17].  The diamond-like symmetry 
of the resulting structures possesses a large photonic bandgap when it possesses a 
sufficiently large refractive index contrast [18]. To illustrate this property, we form 
polymer/air structures and then convert them into silicon/air photonic crystals through a 
silicon inversion process.  Both polymer and silicon photonic crystals show excellent 
optical properties, thereby establishing this fabrication approach as a competitive 
alternative and/or complement to other techniques.  
 
4. 2. Results and Discussion 
4.2.1 Fabrication of polymer woodpile structures 
Figure 4.1 provides schematic illustrations of the fabrication processes along with 
simulations of intensity distributions for each step.  For this work we used phase masks 
made of the elastomer poly(dimethylsiloxane) (PDMS, Dow Corning, Inc.), cast and 
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cured over patterned photoresist defined by deep ultraviolet projection mode 
photolithography on a silicon wafer. The masks served as diffraction elements to provide 
the required near-field intensity distributions for patterned exposure of a transparent 
photopolymer in a two photon process.  A unique feature of the masks is that their low 
modulus, elastomeric mechanical properties allow them to be placed into intimate, 
conformal contact with a solid layer of the photopolymer without applied force or 
precision mechanical stages.  We refer to this technique as two-photon proximity field 
nanopatterning (2ph-PnP) [15].  Here we use this method in a dual exposure mode to 
access woodpile and other geometries that are difficult to achieve otherwise.  The process 
is initiated by bringing a first phase mask into conformal contact with a suitable 
photopolymer (SU8-2010, MicroChem Inc.). Exposure with a collimated laser beam 
generates a rod-like intensity distribution, as shown in Fig. 4.1d, with lateral and vertical 
spacing set by the periodicity of the mask and the Talbot self-imaging distance, 
respectively.  To form the desired woodpile structure, a second rod-like pattern was 
defined in a geometry offset by m*¼ of the Talbot distance (ZT), where m is any odd 
integer, with an orientation orthogonal to the first set of rods.  To accomplish this we 
used a second phase mask identical to the first except for the addition of a uniform 
capping layer of PDMS.  This approach provides a simple, conformal phase mask 
alternative to exposures that use precision stages to control the phase shifts through 
mechanical positioning.  This spacer layer and mask, shown in a rotated configuration, 
appear in Fig. 4.1b and 4.1c, respectively. Figure 4.1e and 4.1f show the intensity 
distribution for the second exposure and the woodpile structure after combining the two 
intensity distributions with a binary cutoff threshold set to correspond to the 
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photopolymer exposure and development process. The thickness of the spacer layer is 
critical to the assembly of the woodpile structure because (i) it determines the spatial 
displacement of two intensity patterns and (ii) it affects the intensity distribution as well 
as contrast ratio of the second exposure. The second exposure should produce contrast 
identical to the first exposure and place the rods exactly in the middle of the first set. 
Deviations in contrast can lead to uneven structure geometries.  Rods that are misplaced 
by distances larger than 10% cause rapid decreases in the photonic bandgap of the 
structure [19]. 
The exposures are performed using an amplified Ti:Sapphire laser (Spectra-
Physics, Spitfire Pro) with wavelength, repetition rate, average power, and pulse width of 
800 nm, 1 kHz, 2W, and ~140 fs, respectively. The linear polarization state was set to lie 
along the grating lines on the masks for both exposures, to optimize the contrast. A lens (f 
= 400 mm) with small convergence angle (<10 mrad) was implemented at the laser 
output to enable peak powers sufficient to initiate two-photon effects in the photopolymer. 
The patterns on the phase masks consisted of arrays of raised lines with periodicity (Λ), 
linewidth (lw), and relief depth (rd) of Λ = 600 nm, lw = 300 nm, and rd = 220 nm. The 
choice of phase mask period was based on the well known fact that the complete 
photonic bandgap in woodpile structures is available only in a narrow range of axial-to-
transverse periodicity ratios, c/a, that in turn depends on exposure laser wavelength (λ) 
and phase mask period (Λ) [18]. It has been demonstrated that silicon inverted woodpile 
structure possesses a complete bandgap for c/a ratio between 0.8 and 1.5 [18]. For the 
present two photon exposure laser wavelength of λ = 800 nm, a phase mask period of Λ = 
600 nm ensures a wide complete bandgap after silicon inversion of the polymer template 
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due to the polymer template shrinkage that further reduces the c/a ratio to close to 1.2, 
which is the desired crystal axis ratio for widest complete bandgap [18]. 
For purpose of illustration, Fig. 4.2a compares the relative intensity of 1ph and 
2ph PnP exposure modes, using a phase mask with period of 600 nm and incident 
wavelength of 800 nm, as a function of horizontal positions (X, perpendicular to grating 
direction) at a depth of 500 nm from the phasemask where the intensity contrast is the 
largest. The relative intensity of 1ph and 2ph PnP can vary depending on the distance 
away from the phase mask, but 2ph PnP, in all cases, showed much larger intensity 
modulation compared to 1ph PnP, mostly due to the quadratic dependence of intensity 
associated with 2ph process. One disadvantage of using short pulses for exposure is that 
propagation effects limit the thicknesses of layers that can be effectively patterned in this 
manner.  Figure 4.2b provides finite difference time domain (FDTD) simulations of 
propagation of a 140 fs temporal Gaussian pulse of plane phase front through a 
phasemask and into an underlying polymer, where all relevant parameters match 
experimental ones. Figure 4.2b and 4.2c show the 2D intensity distribution along a XZ-
plane generated in the photopolymer and corresponding single line intensity variation, 
respectively. The results show gradual fading of intensity contrast due to reduced 
interference between pulse propagating as 1st and 0th order diffracted beams, mainly as a 
result of differences in path lengths. From Fig. 4.2b and 4.2c it can be noticed that up to 
about 10 µm there is uniform intensity distribution with less than 20% variation.  This 
result follows our experimental observations of formation of uniform structures along the 
propagation direction up to around 10 µm of photoresist thickness.   
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Simulations based on rigorous coupled wave analysis (RCWA) revealed an 
elongated woodpile structure with Tetragonal symmetry (TTR) with lattice parameters of 
a = 600 nm in the plane and c = 1118 nm out of the plane (i.e. vertical direction), as 
illustrated in Fig. 4.1f. The spacer layer must separate the rod-like patterns in 
photopolymer by m* ZT(ns)/4 = m*206 nm, where m is any odd integer,  ZT(ns) is the 
Talbot length in the spacer medium of refractive index ns (ns = 1.4 for PDMS) [20].  The 
thickness of the spacer layer is a critically important design parameter. Figure 4.2c shows 
the dependence of the diffraction efficiency (DE) of the diffracted beams on this value. η1 
/η0 corresponds to the ratio of intensity in the 1st order and 0th order diffracted beams. 
Since the spacer layer thickness is comparable to the incident wavelength, it modulates 
the η1 /η0 ratio through changes in intensity of the transmission and reflection beams. To 
produce a homogenous (i.e. similar rod sizes for each of the two exposures) woodpile 
with high intensity contrast, we chose a spacer thickness of 618 nm, corresponding to a 
distance offset of ¾ of a Talbot length inside the space layer (ZT(ns) ). The spacer is 
formed by diluting uncured PDMS with toluene (volume ratio of PDMS/Toluene=1/8) 
and then spin casting (5000 rpm at 2500 rpm/s ramp rate for 60 seconds) the solution 
onto a silicon wafer functionalized with a fluorinated silane monolayer.  Curing the layer 
at 55 C in a dry oven overnight and then bonding it to the surface of a PDMS phasemask 
using hydroxyl functionalization [21] completes the fabrication. Spacers formed in this 
way have uniform thicknesses (variations <10 nm, as measured by atomic force 
microscope (AFM) at various locations over areas of ~cm^2).  Taken together, these 
procedures for dual exposure 2ph-PnP enable (i) high intensity contrast due to the 
quadratic dependence of intensity associated with two-photon process, (ii) high 
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diffraction efficiency by use of masks with binary grating geometries and optimized 
depths of relief, and (iii) precise spatial, and therefore phase, control over the distance 
between the phasemask and the sample using soft spacers and conformal contact mode 
exposures.  
Figure 4.3 presents scanning electron microscope (SEM) images of representative 
woodpile structures formed by procedures described in Fig. 4.1. Angled and high 
resolution top views appear in Fig. 4.3a and 4.3b, respectively. The high intensity 
contrast of 2ph-PnP provided robust 3D structures over large area, as shown in the angled 
view of Fig. 4.3c. The cross-sectional view in Fig. 4.3d indicates that the rod structures 
have the desired offset in the vertical direction. Shrinkage in the photopolymer, well 
known with this material, results in a reduction in the axial period (c) in the vertical 
direction, in this particular exposure setup, by  25% to 45 %, depending on the exposure 
condition.  Shrinkage in the lateral direction was negligible, due to adhesion to the 
substrate. Different exposure conditions also produce different structure fill fractions. In 
general, higher exposure dose produce structure with higher fill fraction and less vertical 
shrinkage, and vice versa. In this work, the fill fraction is limited to ~55% due to 
requirements of the subsequent silicon inversion process. Such fill fraction produced a 
vertical shrinkage of ~ 35%.  
 
4.2.2 Formation of silicon woodpile structures 
 Woodpile structures such as those in Fig. 4.3 have diamond-like symmetry that 
are of interest for photonic crystals due to their ability to provide large photonic bandgaps 
(PBGs). A complete bandgap, however, is only possible when the structure consists of 
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materials with sufficiently high refractive index contrast [17, 18]. To explore this 
possibility, we used polymer woodpile structures as a template to form Si (n = 3.6) 
inverse woodpile structures using chemical vapor deposition techniques [7]. The 
inversion begins with conformal coating of Al2O3 onto the polymer by atomic layer 
deposition (ALD) to provide necessary thermal stability and control over fill fraction.  
Next, chemical vapor deposition (CVD) of Si yields another conformal coating. 
Removing the polymer template and Al2O3 layer by pyrolysis and HF etching, 
respectively, completes the process. Growth simulations [21] using a template geometry 
shown in Fig. 4.4a, with periodicity of a = 600 nm, c = 720 nm and fill fraction of ~55%, 
yielded quantitative information on the Si inverse woodpile structure, with results shown 
in Fig. 4.4b. Conformal growth pinches-off at ~95% fill fraction, leading to ~5 % voids 
(isolated pores) in the Si structure.  To explore the dependence of the optical properties 
on fill fraction, we computed the PBG (gap to mid-gap ratio) of Si inverse woodpile 
structures with different fill fractions using the University of Toronto Numerical Band 
Calculation Code [23, 24]. The numerical band calculations were performed using 1331 
plane waves and considering tetragonal symmetry (TTR) of the structure (c/a = 1.2). The 
results indicate an optimal PBG of ~15% at a fill fraction of ~18%, as summarized in Fig. 
4.4c. The corresponding band diagram of the optimal structure is show in Fig. 4.4d.  
We fabricate this optimal design by first depositing 51 nm of amorphous Al2O3 
onto the polymer template by ALD to yield a polymer/Al2O3 template with fill fraction of 
~77%. Next, amorphous silicon was conformally grown by low temperature (325 C, with 
400 mbar of disilane) static CVD. Each cycle (15 h) of silicon growth formed films with 
thicknesses of ~25 nm. Three cycles (~84 nm) completed the infiltration step.  Reactive 
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ion etching (RIE, 3 min at 70 W, 100 mTorr, 20 sccm each SF6/O2) removed the silicon 
near the top of the structure, to enable removal of the Al2O3 (5% HF in 50/50 
ethanol/water mixture; 3 min) and subsequent removal of polymer (410 C for 4h). Figure 
4.5 provides SEM images of a representative Si inverse woodpile structure. Figure 4.5a 
and 4.5b show angled view and high resolution top views. Large area angled views and 
cross-sectional views appear in Fig. 4.5c and 4.5d, respectively. The micrographs in 
Figure 4.5 demonstrate that the structure is converted to silicon with high fidelity.  
 
4.2.3 Optical characterization 
To characterize the structural and optical properties, we performed normal 
incidence reflection measurements on polymer and silicon structures using an optical 
microscope (Carl Zeiss, Inc., Axio Observer D1) coupled to a spectrometer (Control 
Development, Inc.) and an optical microscope (Bruker Optics Inc., Hyperion 1000) 
coupled to a Fourier Transform Infrared (FTIR) Spectrometer (Bruker Optics Inc., Vertex 
70), respectively. A silver mirror with R > 99% throughout the relevant spectral range 
served as a reference for the reflection measurements. All spectra were collected with a 
30 um spot size obtained with a 10x objective lens and a 0.3 mm spatial aperture. 
Figure 4.6a and 4.6b show the experimental and calculated normal incidence (Γ-Z) 
reflection spectra for the polymer template and silicon-air photonic crystal, respectively. 
Simulations were performed using the finite-difference time-domain (FDTD) method for 
both the polymer template and silicon structures, as shown in Fig. 4.6a and 4.6b 
respectively. The simulated and measured results exhibit excellent match in peak location 
and width.  
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For the FDTD simulations periodic boundary conditions with one unit cell (Fig. 
4.4b) along x-y directions and perfectly matched layer boundary condition (PML) with 8 
unit cells along z-direction were used. The measured and simulated reflection peak 
location (a/λ = 0.55) of the silicon inverted structure also closely matches the Γ-Z 
direction band diagram in Fig. 4.4d.  The measured peak magnitudes of the polymer 
structure, i.e. ~60% are much better than previously reported diamond-like structures 
with similar number of layers obtained by interference lithography (~25 to 35%) [25-26], 
likely due to the comparatively high fidelity afforded by 2ph-PnP. The silicon photonic 
crystal shows a broad reflection peak at slightly longer wavelengths with comparable 
reflectance (~62%) to the polymer. The increase in bandwidth and the location of the 
reflection peak compared to the polymer template are consistent with the index of 
refraction of the silicon. As with the polymer template, the peak magnitude of the Si 
inverse woodpile structure is significantly higher than the best previous reports (~35%) of 
diamond-like silicon photonic crystals formed by interference lithography [26].  In both 
cases, however, the experimentally measured reflection magnitudes are somewhat 
smaller than those expected based on FDTD simulation. Likewise, Fabry-Perot (F-P) 
fringes appear in the simulation spectra but not that prominent in the experimental data. 
These two aspects might result from combination of effects like structural imperfections, 
inhomogeneities due to distortion in laser beam profile, scattering from the rough 
surfaces of the samples [27], non-uniform shrinkage during the polymer development 
process. 
 
4.3. Conclusion 
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We report a simple method for fabricating 3D woodpile photonic crystals that 
exhibit levels of structural uniformity and optical properties that exceed those of other 
approaches with parallel, high speed modes of operation.  Observations suggest that the 
main limitations arise from materials aspects associated with exposure and development 
of the photopolymer, rather than from the optics or other characteristics of the dual 
exposure 2ph-PnP method.  As such, future work on advanced, photopolymers appears to 
be a promising direction for research. 
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4.5. Figures 
 
Figure 4.1:  Schematic illustrations of steps for two photon, dual exposure patterning of 
three dimensional woodpile structures in a photopolymer, using two conformal 
phasemasks. A (a) first and (c) second laser exposure yield arrays rod structures rotated 
by 90 degrees with respect to each other. (b) Illustration of the process for bonding a thin, 
layer of PDMS to a phasemask, thereby yielding the necessary uniform optical phase 
shift for creating an offset by ¼ of a Talbot distance between the two sets of orthogonally 
rotated rods. (d) and (e) Simulations of distributions of intensity for the two photon 
exposure steps in (a) and (c), respectively. (f) Summed intensity distributions 
corresponding to both exposures. 
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Figure 4.2: (a) Simulated patterns of intensity for one and two photon exposures as a 
function of horizontal position (X, perpendicular to the grating direction) at a distance of 
500 nm from the surface of the mask. (b) Pulse propagation through a 1D grating with Λ 
of 600, rd of 220 nm, simulated using FDTD methods. The color bar indicates the relative 
intensity. (b) 2D Intensity distribution and (c) single line intensity profile for a fixed X-
plane (X = 2.1 µm). (d) Calculated diffraction efficiency as a function of spacer thickness.    
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Figure 4.3: Scanning electron microscope (SEM) images of representative 3D woodpile 
structures. (a) and (c) High resolution and large area angled views, respectively. (b) High 
resolution SEM images of the top surface. (d) SEM cross-sectional views. 
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Figure 4.4: Intensity simulations and photonic band calculations for an ideal woodpile 
structure. (a) Unit cell of a simulated polymer structure after accounting for shrinkage 
(~35%). (b) Unit cell of a simulated inversed Si structure after conformal growth 
simulation. (c) Gap to mid-gap ratio of photonic band gaps calculated at different fill 
fractions. (d) Photonic band diagram of the structure showed in (b) having structure 
periodicities of a = 600 nm, c = 720 nm and Si fill fraction of 18%. The photonic band 
diagram showed a 15% complete photonic bandgap.  
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Figure 4.5: SEM images of representative 3D structures formed by Si single inversion 
process. (a) and (c) High resolution and large area angled view of representative 3D 
structures, respectively. (b) High resolution SEM images of the top surface. (d) SEM 
cross-sectional views. 
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Figure 4.6: Measured and simulated normal incidence (Γ-Z) reflection spectra of the 
polymer woodpile (a) and corresponding Si inverse woodpile (b) structure. The measured 
and simulated reflection peak location (a/λ = 0.55) of the silicon inverted structure 
closely matches the Γ-Z direction band diagram in Fig. 4d. 
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CHAPTER 5 
THREE DIMENSIONAL NANOSTRUCTURES FORMED BY SINGLE STEP, 
TWO-PHOTON EXPOSURES THROUGH ELASTOMERIC PENROSE 
QUASICRYSTAL PHASE MASKS 
 
This chapter was published as ‘Three-Dimensional Nanostructures Formed by Single 
Step, Two-Photon Exposures through Elastomeric Penrose Quasicrystal Phase Masks,’ D. 
Shir, H. Liao, S. Jeon, D. Xiao, H.T. Johnson, G.R. Bogart, K.H.A. Bogart and J.A. 
Rogers, Nano Letters 8(8), 2236-2244 (2008). Reproduced with permissions from 
American Chemical Society. 
 
 This chapter demonstrates the fabrication of unusual classes of three dimensional 
(3D) nanostructures using single step, two-photon exposures of photopolymers through 
elastomeric phase masks with five fold, Penrose quasicrystalline layouts.  Confocal 
imaging, computational studies and 3D reconstructions reveal the essential aspects of the 
flow of light through these quasicrystal masks.  The resulting nanostructures show 
interesting features, including quasicrystalline layouts in planes parallel to the sample 
surfaces, with completely aperiodic variations through their depths, consistent with the 
optics.  Spectroscopic measurements of transmission and reflection provide additional 
insights.   
 
5.1. Introduction 
In spite of their many applications, three dimensional (3D) nanostructures with 
engineered geometries can be extremely difficult to fabricate.  Two optical approaches, 
one based on coherent interference [1-4] and the other on two-photon effects [5-7], 
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represent the most successful and widely used methods.  Interference lithography is 
attractive because it can form 3D nanostructures over large areas, rapidly.  The main 
disadvantages include the requirement for optical setups that enable independent 
manipulation of multiple (typically 4 or more) laser beams, and the ability to produce 
only a limited range of simple, periodic geometries.  Two-photon lithography can 
fabricate diverse classes of structures, but its standard, serial operation mode requires 
long fabrication times.  In addition, the experimental apparatus is relatively complex, as 
with interference lithography.  A relatively new and simple route to 3D nanofabrication 
uses single step, two-photon exposures through phase modulating elements, either in the 
form of elastomeric masks [8] or molded relief structures in the photosensitive materials 
themselves [9]. In this method, referred to as two-photon proximity field nanopatterning 
(2ph-PnP), the design of the phase modulating elements can be used to define the 
geometries of the structures.  This 2ph-PnP technique, which represents an improved 
version of a corresponding one-photon PnP process [10-11], provides a valuable 
complement to other 3D nanofabrication approaches.  High speed patterning of 3D 
structures is possible, with simple setups in which all of the optics can be contained in the 
phase elements.  Although 2ph-PnP does not offer the full flexibility in structure 
geometry offered by traditional two-photon lithography, it enables a much wider range of 
possibilities than is practically feasible with interference lithography.  Here we 
demonstrate 2ph-PnP in an extreme example of this capability, to create a class of 
quasicrystalline structures that has potential applications in photonics, as an example, 
where the high rotational symmetry compared to ordinary crystals can provide an 
increase photonic bandgaps [12]. In particular, we implement phase elements with 
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Penrose quasicrystal layouts, involving elastomeric masks as well as molded structures of 
relief.  The optics associated with Penrose quasicrystalline masks is not well understood; 
it is much more complex than optics associated with masks characterized by a well-
defined unit cell. The 3D nanostructures that can be formed with such Penrose masks 
have similarly complex and unusual layouts, in our case consisting of continuous stacks 
of five-fold symmetric quasicrystalline layouts in planes parallel to the surface of the 
mask, together with a complete lack of identifiable symmetry in planes perpendicular to 
the mask surface, with distance from the mask.  Such unique types of nanostructures 
would be impossible to form with any other technique, except certain classes of slow, 
direct-write methods [5]. We begin with an overview of the Penrose phase designs and 
their use in the patterning process.  Experimental measurements and theoretical 
modelling reveal the key aspects of the optics of these unusual elements. Several 
representative 3D structures that result from their implementation in the 2ph-PnP 
patterning process are presented.  Wavelength-dependent transmission and reflection 
measurements, together with approximate modeling of the responses, reveal some of their 
optical properties.  
 
5.2. Phase Mask Design 
Figure 5.1a shows an image of a typical elastomeric phase mask used in this 
work. The fabrication of these phase elements involves casting and curing prepolymers of 
two types materials based on poly(dimethylsiloxane) (PDMS) against substrates with 
structures of relief in the geometry of Penrose quasicrystals [13-16].  The process began 
with casting a relatively high modulus (~10 MPa) type of PDMS (Gelest, Morrisville, 
PA) followed by a low modulus (~2 MPa) variant (Sylgard 184, Dow-Corning) against 
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patterns of cylindrical holes in photoresist, defined on a silicon wafer by deep ultraviolet 
(UV; 248 nm) projection mode photolithography in procedures similar to those described 
previously [11]. The high modulus PDMS yields high quality relief structures, without 
the mechanical collapse and other failure modes that often occur in narrow and tall 
features on low modulus masks.  The backing layer of low modulus PDMS provides a 
mechanically tough ‘handle’ that avoids the need to handle directly the relatively brittle 
high modulus material [11, 16].  Each mask supports several different regions that 
correspond to various two dimensional (2D) Penrose quasicrystal lattices of cylindrical 
posts, with radii (r) of 200 nm, heights (h) of 400 nm and different characteristic 
separations ranging from 600 nm to 1500 nm, as highlighted by the rectangle in Fig. 5.1a.  
The characteristic separation (S) represents the distance from the center of a local 5-fold 
symmetric structure to the nearest neighbor symmetry point, as indicated by the white 
arrow in Fig. 5.1c.  This distance is proportional to a fundamental length scale, the golden 
ratio τ = 2/)15( + .  The work described here uses S = τ/2 µm = 810 nm, although the 
masks support patterns with S between 0.6 and 1.5 µm. The lattices represent 
quasicrystals constructed from two Penrose rhombi assembled according to certain 
matching rules [17]. The tiling incorporates structures (i.e. pentagons formed by 
combination of 5 Penrose rhombi) with 5-fold symmetry in layouts that correspond to 
quasi-periodic patterns with global 10-fold rotational symmetry.  These quasicrystalline 
phase masks generate far field diffraction patterns that include hundreds of beams, with 
10-fold symmetry (Fig. 5.1b; 355 nm light projected onto a white card to produce blue 
fluorescent spots).  Although the designs are different, these qualitative features are 
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similar to other classes of quasicrystal phase masks that were recently implemented in a 
one photon PnP process, in independent work [18]. 
 
5.3. Experimental Approaches 
The overlap of these beams near the surface of the mask results in a complex 
pattern of intensity that can be exploited for patterning in the 2Ph-PnP process.  Two 
procedures were used. The first involved establishing conformal contact of the PDMS 
mask with the flat surface of a solid layer of a transparent, photosensitive polymer, 
exposing the polymer by passing UV light through the mask, removing the mask and, 
finally, developing away the unexposed regions [11]. The second procedure used the 
mask as a mold to emboss patterns of relief into the photopolymer [9]. Similar exposure 
and development procedures carried out with the embossed photopolymer (i.e. without 
the PDMS mask) completed the fabrication, in a process referred to as maskless 2ph-PnP.  
Figure 5.1e and 5.1f provide schematic illustrations of these two patterning strategies. 
This procedure has advantages in that (i) high index photopolymers can provide enhanced 
phase modulation compared to that of PDMS masks, for the same relief depth, which is 
important for demanding feature sizes such as those reported here, and (ii) high order 
diffracted beams can couple efficiently into the bulk of the photopolymer, due to the 
absence of Fresnel reflections that can occur with the use of a mask, which is important 
for achieving high contrast ratio exposures.  Fig. 5.1c and 5.1d show high resolution 
scanning electron microscope (SEM) images of a representative region of a mask and 
embossed surface of a layer of photopolymer, respectively.  A pentagon drawn in each 
frame highlights the basic 5-fold symmetry.  The processing steps for both cases are 
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similar to those described previously for non-quasicrystalline masks [9-11].  Briefly, a 
layer (~10 µm) of negative tone epoxy photoresist (SU-8, Microchem Corp.) spin-cast 
(2500 rpm, 30 seconds) onto a glass slide and baked (65°C for 5 minutes and 95°C for 10 
minutes) to remove the solvent served as the photopolymer.  The molding process 
consisted of softening this layer with a small amount of ethanol and then embossing it 
with a PDMS phase mask [9].  
The exposures exploited two-photon effects generated using the high peak power, 
collimated output of an amplified Ti:Sapphire laser (Spectra-Physics, Spitfire Pro), with 
wavelength of 800 nm, average power of ~ 2 W, repetition rate of 1 kHz, and pulse width 
of ~140 fs.  The coherence length of these laser pulses is ~30 µm in the SU8, which is 
substantially larger than the sample thickness.  This limited coherence length can be 
important in attempts to pattern thicker structures. A lens with a focal length of 400 mm 
provided a beam with a small convergence angle (<10 mrad), and an exposure region 
with a spot size of 3-4 mm, from an output beam with diameter ~1 cm.  The use of 
circularly polarized light avoided polarization induced directional anisotropies in the 
intensity patterns that can appear due to polarization dependent diffraction from 
subwavelength masks [8-9].  After exposure, the SU-8 film was baked (75°C for 6 
minutes), developed (2 hours in SU-8 developer), and supercritically dried to complete 
the fabrication.  The quadratic relationship between intensity and dose associated with the 
two-photon process yields high contrast exposures and robust, 3D nanostructures with 
levels of open porosity and classes of geometries that are impossible to achieve with 
single photon effects [8-9].  This exposure condition, then, represents a critically 
important aspect of the results presented here, and enables structures with features (e.g. 
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open porosity) and geometries that cannot be achieved in the corresponding one photon 
process [8-9]. 
 
5.4. Results and Discussions 
Before examining the nanostructures that result from this process, it is useful to 
consider aspects of the unusual optics associated with transmission through the Penrose 
masks.  For this purpose, we exposed SU8 doped with a fluorophore (Coumarin 6 (C6)) 
that has pH sensitive emission characteristics [19].  In the unexposed and exposed 
regions, the C6 fluoresces at ~490 nm and ~550 nm, respectively.  Confocal imaging 
(TCS SP2, Leica Microsystems) of emission at 550 nm, stimulated by 514.5 nm light 
from an Ar ion laser, from a sample of exposed (but not developed) SU8/C6, yielded 
three dimensional reconstructions of the distributions of intensity associated with the PnP 
process.  We used the microscope in an oil immersion mode, with a 63x objective lens 
capable of providing resolution of ~170 nm and ~320 nm in plane of the surface of the 
sample (x, y plane, Fig. 5.2a) and along the direction perpendicular to this plane (z, Fig. 
5.2a), respectively.  Figure 5.2 shows results, in the form of images in the x, y plane of a 
sample created using the maskless PnP process, evaluated at different z distances. A 
pentagon in each frame highlights the local 5-fold symmetry. The intensity distributions 
maintained this symmetry throughout this range of z depths; the z dependence is, 
however, complex and not simply periodic. The confocal images revealed continuous 
stacks of intensity distributions having 2D quasicrystalline layouts, with aperiodic 
distributions of these stacks in the direction perpendicular to the mask. 
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The full 3D optics of this system are challenging to model directly, due to the 
quasicrystalline geometry.  An accurate picture requires, in particular, direct modeling of 
an entire mask (or large region of a mask), due to the absence of a unit cell that could 
otherwise enable periodic boundary conditions.  As a simple approximation that can be 
accomplished relatively easily, we simulated a finite size system with in-plane geometry 
consistent with the Penrose tiling, for the case of steady state light propagation through 
an embossed layer of SU8.  The relief had the ideal 5-fold Penrose symmetry (Fig. 5.3a, 
right frame) of the experimental system described previously.  The cylindrical wells 
(filled with air) of the embossed structure had diameters of 200 nm and depths of 400 nm, 
consistent with the experiment.  The total thickness of the SU8 was 3 µm; the index of 
refraction was 1.59 (at 800 nm), without any scattering or absorption losses.  Second 
order absorbing boundary conditions were used at the top surface (where light was 
incident) and at the bottom surface.  The tangential electric field was set to zero at all ten 
sidewalls of the simulated system. This symmetry boundary condition approximates a 
reasonable lateral area (given limited computational resources) of the experimental 
system, for which it is not possible to construct a true periodic unit cell.  The electric field 
polarization is set to be circularly polarized, matching the experimental condition.  The 
right-hand frames of Fig. 5.3b, c and d show calculations of the square of the time 
averaged total energy density in the x,y plane at various z positions corresponding to the 
confocal images (Fig. 5.3, left-hand frames). As an aid to the eye, two pentagons of 
different sizes highlight the symmetries.  We observe good, qualitative agreement 
between theory and experiment, particularly in the central regions of the simulations and 
for depths <~2 microns, thereby validating the approximations associated with the 
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modeling. The Talbot distances for grating periodicities of 600 nm and 1500 nm are, 
respectively, ~1100 nm and ~8700 nm, for an incident wavelength of 800 nm and 
refractive index of 1.59.  The characteristic separation associated with the simulated 
system is ~800 nm corresponding to a Talbot distance of ~2300 nm. Because the mask 
lacks any long range periodicity, however, there is a complete absence of Talbot planes in 
the actual sample.   
The measured and simulated results allow reconstruction of the full 3D intensity 
distributions using appropriate software tools (Amira, Visage Imaging, Inc). Median and 
smooth filtering, combined with intensity thresholds can simulate, approximately, the 
development process to yield predictions for the 3D structure geometries.  The intensity 
threshold provides a simple way to connect intensity distributions to solid forms, with 
good agreement in PnP experiments that use periodic masks. The median filter averages 
over 5 pixels, or approximately 50 nm in the image, while the smooth filter produces 
clean boundaries between polymer and air by smoothing the rough boundaries in 3D 
reconstruction from layers of 2D slices.  These two procedures eliminate spatial 
frequencies in the solid structures that exceed those observed experimentally with SU8.  
This process was performed on measured and simulated results consisting of 27 data 
images with step sizes along z of 0.125 µm.  Figure 5.4 presents results of top, bottom, 
and angled views that highlight in the good, semi-quantitative agreement between theory 
(left) and experiment (right) and the complex nanostructures that are expected to result 
from the quasicrystal PnP process. 
The actual 3D structures have features consistent with the optics.  Figure 5.5 
presents the results of PnP using the mask based process.  Figure 5.5a and c show 
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magnified and large area views, respectively, of the top surface region of a typical 
sample.  The pentagon highlights the local 5-fold symmetry of the mask and the optics.  
The white arrows indicate a few of the relatively small number of defects visible in the 
structure. The overall lateral dimensions of the samples were 3 mm by 3 mm, limited 
only by the size of the mask and the exposure beam.  The structure in the top layer, as 
revealed in Fig. 5.5a,c is dominated by an effective type of subwavelength focusing, 
similar to that observed in periodic masks [13], in which bright and dark areas appear 
next to the raised and recessed regions of the mask, respectively.  The structure, then, in 
this part of the sample matches the geometry of the mask.  Figure 5.5b and d show angled 
and cross-sectional views, respectively.  A horizontal line in Fig. 5.5c identifies the 
positions of the cross-sectional cut.  Focused ion beam (FIB) sectioning produced clean 
cuts through the sample for these images.  (Atomic layer deposition of ~ 2 nm Al2O3 onto 
the 3D structure minimized damage during high energy ion beam bombardment.)  These 
cross sectional views indicate a lack of periodicity along the depth direction, consistent 
with the optics.  Figure 5.6 presents images similar to those in Fig. 5.5, but for the case of 
a structure formed with the maskless PnP process.  Here, the structure of the top surface 
is determined not only by the optics but by the material structures and differential 
development conditions associated with the embossed relief.  We observed no defects in 
this surface region.  As with the structure of Fig. 5.5, the cross sectional views reveal a 
lack of any simple periodic variation in the structure geometry with depth.  A horizontal 
line in figure 5.6c provides the location of the FIB cut.   
Due to interest in the optical properties of 3D quasicrystals, and to gain further 
insights into the geometries of our structures, we peformed normal incidence 
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transmission (T) and reflection (R) measurements with a Fourier Transform Infrared 
(FTIR) Spectroscometer (Bruker Optics Inc., model Hyperion 1000).  The samples 
consisted of structures on glass cover slips.  The spectrometer was calibrated in 
transmission and reflection measurements using a bare glass cover slip (substrate) and a 
silver mirror (reflection > 96% from 0.5 µm to 4 µm), respectively. The measurement 
spot size was 75 µm with a 4x objective lens and a 0.45 mm diameter aperture. T/R 
spectra are shown in Figure 5.7. Samples exhibit a gradual reduction in transmission at 
shorter wavelengths, but without any other distinct features. Visual inspection of 
transmission of visible laser light through the sample indicated diffuse scattering, without 
any significant coherent diffraction. Although the transmission spectra show some 
structure, the overall trends follow expected behavior due to random scattering (i.e. 
inversely proportional to the 4th power of the wavelength, as shown by the curve “T-
scattering” in Fig. 5.7). Reflection measurements through out the 3D structures show no 
consistent, distinct peaks, indicating the lack of periodicity in the vertical direction. This 
observation is consistent with the optics of the fabrication process and from the SEM 
images. 
 
5.5. Conclusion 
In summary, this chapter demonstrates how two-photon exposure techniques can 
be implemented with quasicrystalline masks to yield 3D nanostructures with highly 
unusual geometries.  The optics of the masks and the transmission properties of the 
structures are both shown to be consistent with approximate models. The use of the 
approximate models was found to be helpful for process evaluation, despite their inherent 
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inability to describe completely the optical properties of the quasi-crystal. The high 
speed, large area capabilities of the fabrication methods could facilitate use of these 
unusual structures in practical applications not only in photonics, but also in areas of 
catalysis, microfluidics, drug release and others that can benefit from well controlled 
nanoporous materials. One example of interest in these unique structures is in their 
photonic properties, mainly for propagation along the quasicrystalline planes.  In addition, 
the extreme tortuosity and large surface areas associated with the interconnected pore 
structures in the out of plane direction may also make them useful for applications in 
fluidics, chromatographic separations and controlled release.  Exploring these and other 
possibilities represents the focus of current work. 
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5.7. Figures 
 
Figure 5.1. Optical and scanning electron microscope (SEM) images and schematic 
illustrations of aspects associated with two-photon proximity field nanopatterning (PnP) 
using quasicrystalline phase masks.  (a) Optical image of a PDMS phase mask. The white 
rectangle highlights the regions that contain posts in two-dimensional, Penrose 
quasicrystalline geometries.  (b) Far-field diffraction pattern associated with passage of 
355 nm laser light through a region of this mask that represents Penrose tiling with 
characteristic distance of 800 nm, post diameters of 200 nm and heights of 400 nm.  (c) 
and (d) High resolution SEM images of a representative region of a phase mask and layer 
of photopolymer embossed with this mask, respectively. (e) and (f) Schematic 
illustrations of the use of the mask for a standard PnP process and for embossing a layer 
of photopolymer in a maskless implementation of PnP, respectively. 
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Figure 5.2. Confocal images that reveal the three dimensional distributions of intensity 
that form upon passage of light through a photopolymer layer in Fig. 1d.  (a) Schematic 
illustration of the embossed layer of photopolymer used for the imaging.  (b) through (h) 
Confocal images in the x-y plane at increasing z distances from the top surface of the 
sample. The step size is 1 µm. 
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Figure 5.3. Comparison of confocal images (left) and computer simulations (right) at 
different distances (z) from the surface of the sample.  (a) Confocal images of the molded 
surface (left) and the geometry of the periodic structure used in the finite element 
modeling (right). (b-d) confocal images (left) and simulation results (right) at z = 0.75, 
1.75, and 2.75 µm, respectively.  
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Figure 5.4. Three dimensional reconstructions created from confocal images (right) and 
simulation results (left). (a) and (b) Top view of the 3D reconstructiond, (c) and (d) Back 
view of the 3D reconstructions, and (e) and (f) Angled view of the 3D reconstructions. 
Intensity thresholding yields solid structures that approximate resist structures that form 
in the PnP process. 
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Figure 5.5. SEM images of 3D nanostructures formed by two-photon PnP using a PDMS 
Penrose quasicrystalline phase mask. (a) and (b) High resolution top and angled views of 
the top surfaces of the structures, respectively. (c) Large area top view, with arrows that 
point to some structural defects. (d) FIB-cut cross-sectional view.     
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Figure 5.6. SEM images of 3D nanostructures formed by two-photon PnP using the 
maskless process. (a) and (b) High resolution top and angled views of the top surfaces of 
the structures, respectively. (c) Large area top view. (d) FIB-cut cross-sectional view.     
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Figure 5.7.  Reflection/transmission spectra collected from a 3D nanostructure formed 
using the maskless PnP process with a quasicrystalline Penrose mold.  Curves (T1, T2, 
T3, and R1, R2, R3) correspond to measurements of different locations of a 
representative structure. The black curve labelled T-scattering corresponds to a simple 
calculation of wavelength dependent scattering in a random media. 
 
 
 113
CHAPTER 6 
TWO-DIMENSIONAL LIGHT TRAPPING STRUCTURES FOR EFFICIENCY 
IMPROVEMENT IN THIN FILM SILICON SOLAR MICROCELLS 
 
This chapter will be submitted as “Two-Dimensional Light Trapping Structures for 
Efficiency Improvement in thin film Silicon Solar Microcells,” D. Shir, J. Yoon, J. Ryu, 
D. Chanda, and J. A. Rogers, Nano Letters (2010) 
 
This chapter demonstrates the fabrication of two-dimensional light trapping 
structures on thin film Silicon microcells by soft imprint lithography and reactive ion 
etching techniques. Simulations results of those light trapping structures suggest a large 
increase in light absorption when designed properly. Experimental demonstrations of 
optimized light trapping structure on a 6 um thick Si solar cell show > 80% increase in 
energy conversion efficiency compared to bare Si. Spectroscopic measurements of the 
optical properties agree well with simulations.  
 
6.1. Introduction 
Photovoltaic (PV) industry has been gaining revitalized attention over the past 
few years due to its potential to address global issues of green house emission and 
depletion of fossil fuels. Among various materials for PVs, silicon has maintained its 
dominance in the market over the past decades due to its high natural abundance, 
reasonable performance, as well as matured fabrication technologies [1]. Recent research 
activities in silicon photovoltaics has been focusing on enhancing energy conversion 
efficiency with new device designs or reducing the cost ($/Wp) of modules by lowering 
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the material usage per power output. Solar cells based on thin films of silicon uses 
substantially less materials compared to bulk wafer-based systems, thereby providing a 
cost effective option for silicon photovoltaics. However, the weak absorption of silicon 
arising from its indirect bandgap limits the performance of thin film silicon solar cells 
especially at longer wavelength (e.g. near IR). One of the most promising approaches for 
improving solar cell performance is to increase the optical path length of light in silicon 
by diffraction/scattering, leading to light trapping through total internal reflections. 
Simulations based on statistical ray-tracing methods showed promises in using randomly 
textured surface to increase the optical path length [2]. One of the most common 
approaches for surface texturization in Si solar cells is to use wet chemical etching 
method (e.g. KOH), which produces randomly distributed pyramids on the top surface of 
Si solar cells [3-5]. Despite its advantages such as low cost, simple process, and high 
throughput, such etchant-based surface texturization (often tens of microns in the depth 
of etched silicon) is not suitable for thin film solar cells, and high reflection loss, poor 
uniformity, and contamination problems still limit the device performances Periodic 
gratings generated by photolithography and dry etching technique avoid some of the 
drawbacks by providing highly uniform, submicron structures with high level of 
engineering control over the structure geometry [6-8]. Methods based on photonic crystal 
back reflectors combined with a diffraction grating (backside) and anti-reflection coating 
(ARC) (front side) have showed promises [9-10]. Experimental demonstration on a 5 um 
thick silicon solar cell showed ~15% increase in energy conversion efficiency compared 
to cells with ARC only [10]. The main disadvantage of this method is the required 
complex and expensive fabrication processes, making it less attractive for high volume, 
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low cost production. The difficulty in fabricating submicron gratings over a large area 
also hinders the capability for high throughput production. In this work, we demonstrated 
the use of soft imprint lithography, combined with dry etching techniques, for generating 
submicron diffraction gratings onto ultrathin monocrystalline Si solar cells as light 
trapping structure (LTS), with simple experimental setup and high throughput capability. 
Simulations based on RCWA provide guidelines for optimal grating designs and in-depth 
understanding of various optical effects such as reflection, diffraction, and light trapping 
associated with implementing the LTS on Si solar cell. 
 
6.2. Results and Discussion 
In this work, we used printed arrays of ultrathin monocrystalline Si micro solar 
cells (i.e. microcells) with width (w) of 45 µm, length (l) of 1.45 mm, and thickness (t) of 
~6 µm were fabricated from p-type <111> Czochralski Z Si wafer (1-10 Ωcm, Virginia 
Semiconductor). The fabrication processes is described elsewhere [11]. Using a soft 
transfer printing technique, fabricated microcells were retrieved from the source wafer 
and printed onto a glass substrate (thickness: ~1 mm) coated with photocurable 
polyurethane (NOA61) as a printing medium. The integration between LTS and Si solar 
cell presents a major technical challenge. The fabrication method needs to be scalable to 
high volume production with low cost and simple fabrication setup. In this study, we use 
soft imprint lithography, together with dry etching techniques, to form high quality, 
submicron LTS on Si micro cells uniformly over large area. Figure 6.1a-d illustrates 
schematically the fabrication process for forming LTS consisted of Si posts. The 
fabrication process begins by spin coating a layer of ~ 200 nm thick photoresist (SU8, 
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MicroChem, Inc., 4wt% in Cyclopentenone, 3000rpm for 30s) onto printed Si microcells. 
Thermal assisted molding (95 °C for 3 min) using a patterned PDMS stamp forms 
submicron periodic structures in SU8, O2 reactive ion etching (RIE) (10 sccm, 50 mTorr, 
and 45 sec) etches away the SU8 underlayer. The remaining polymer posts served as a 
mask for the subsequence Si etching using inductively coupled plasma reactive ion 
etching (ICP RIE) (SF6 50 sccm, C4F8, 80 sccm, O2, 5 sccm, 15sec). Pirahna etch for 30 
seconds etches away the remaining polymers and completes the fabrication process. 
Figure 6.1e and 6.1f provide top, side and angled views of SEM images of the imprinted 
polymer structure consisted of hexagonal array of posts with periodicity (P) of 500 nm, 
respectively. The polymer structures show an underlayer of ~50 nm, which is then 
removed by O2 RIE. The Si structures after ICP RIE etching maintain the geometry of the 
polymer posts and is uniform over large area, as shown in Fig. 6.1g (top view) and Fig. 
1h (side and angled views). The relief depth of the LTS can be controlled precisely by 
tuning the ICP RIE etching time. 
The nanoscale LTS demonstrated in Fig. 6.1 can enhance light absorption in Si 
through (i) reducing reflection, coupling more light into Si, (ii) increasing optical path 
length in Si by diffractions, and (iii) trapping higher order diffractions due to total 
internal reflection (TIR). Simulations based on rigorous coupled wave analysis (RCWA) 
can take into account these effects, along with complex, wavelength dependent refractive 
index of Si, to provide guidelines for designing LTS. In this study, we considered LTS 
consisted of hexagonal array of Si posts and Si posts with a thin SiO2 layer (~80 nm) as 
antireflection coating (ARC). Air holes in Si can also serve as LTS but yields lower 
performance. Fig. 6.2a summarizes simulation results of the percent of incident photons 
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of standard solar radiation (Air Mass 1.5D ASTM G-173-03.) that’s been absorbed over a 
spectral range from 350 nm to 950 nm for LTS with different P and configurations, using 
a 6 µm thick solar cell. The relief depth (RD) and post diameter (D) are chosen to provide 
the optimal performance based on simulation results. Simulations suggest that bare Si 
absorbs 44.7 % of the incident photon from solar radiation spectrum and the absorption 
can be increased to 62.2 % by adding a single layer SiO2 ARC (80nm), corresponding to 
a 39.1 % improvement compared to bare Si. We also consider the ideal case where no 
light is reflected from the bare Si (the “no R” curve in Fig. 6.2a), as a theoretical 
absorption limit for Si, absorbing 74.1 % of the incident photon, corresponding to a 65.7 
% improvement compared to bare Si. LTS, regardless of P, provides higher absorption 
compared to a single layer SiO2 coatings and the no reflection case, with P of 400 and P 
of 800 providing the highest and lowest absorption, differing by ~7 %, respectively. The 
relative improvement compared to bare Si and bare Si with ARC for P of 300, 400, 500, 
600, 700, and 800 nm are 71.8 % and 23.5 %, 83.3 % and 31.7 %, 77.6 % and 27.7 %, 
73.2 % and 24.5 %, 68.4 %, and 21.0 %, and 67.2 % and 20.1 %, respectively. Adding a 
single layer of SiO2 as ARC onto LTS further improves the absorption, especially at 
larger P where reflection loss at shorter wavelength is more significant. As a result, LTS 
consisted of Si posts and ARC provides similar level of absorption (within 2 %) for all Ps, 
with P of 400 nm providing the highest absorption of 83.8 %, corresponding to an 87.5 % 
and 34.7 % improvement compared to bare Si and bare Si with ARC, respectively. The 
addition of ARC allows LTS to become insensitive to P changes, providing more 
flexibility in designing LTS by relaxing the requirement on fabrication dimensions. Even 
though the periodicity of LTS does not have a significant influence on the level of 
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absorption, the RD and D can affect the absorption significantly by modulating the 
intensity distribution of the diffraction orders and the intensity of the reflection beam. 
Figure 6.2b provides, in the case of LTS with ARC and Si posts of P of 500 nm, a 
contour map of the absorption as a function of duty cycle (D/P, y-axis) and RD/P (x-axis), 
for a 6 um Si solar cell. The absolute absorption value can vary by up to 20 % (from 82 
% to 62 %) by changing the combination of RD/P and D/P, corresponding to a 
improvement variation of ~45 % when compared to bare Si. Fig. 6.2b also suggests that 
D/P can affect the absorption more strongly than RD/P. For example, D/P can affect the 
absolute absorption by 20 % at RD/P of 0.3 while RD/P only changes the absorption by 
~10 % at most under a fixed D/P. According to Fig. 6.2b, the highest absorption occurs in 
the range of 0.2 to 0.4 and 0.5 to 0.7 for RD/P and D/P, respectively. Deviations from this 
range will lead to large reduction in light absorption.  
Fig. 6.2a only discusses the situation where the solar cell thickness is fixed. The 
solar cell thickness also has important impact on the effectiveness of LTS. Fig. 6.2c 
shows the percent improvement in absorption, compared to bare Si, for LTS with Si posts 
and ARC, bare Si with ARC, and bare Si with no reflection for different solar cell 
thickness. According to Fig. 6.2c, Si posts LTS with ARC showed the highest 
improvement for most thickness, especially for thickness less than 5 um. The 
improvement drops to ~55% when the thickness becomes larger than 15 um, comparable 
to the ideal case where no reflection occurs on Si surface. As the thickness of the solar 
cell increases, the dominant effect shifts from light trapping to antireflection, due to the 
increase in Si absorption. Nevertheless, LTS still shows improvements comparable to the 
case where no light is reflected for thick Si solar cells. Improvement for bare Si with 
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ARC remains ~ 35 % through out all thicknesses, indicating the reflection loss has very 
small dependent on the Si solar cell thickness.  
To demonstrate the effect of LTS experimentally, we fabricated LTS with Si posts 
with P of 500nm, RD of ~130 nm, D of 350 nm onto 6 um thick Si micro solar cells, 
using the fabrication technique described in Fig. 6.2. Figure 6.3 shows the measured 
normal incidence optical spectra of a 6 um solar cell in the case of bare Si, bare Si with a 
single layer ARC (80 nm SiO2) , LTS (P of 500 nm), and LTS with a single layer ARC. 
The measurements were done using an optical microscope (Carl Zeiss, Inc., Axio 
Observer D1, and 20 x objective with an NA of 0.46) coupled to a fiber-optic 
spectrometer (Control Development, Inc.)  . Reflection measurements, as shown in Fig. 
6.3a, showed that the reflection from bare Si is significantly reduced by LTS. Depositing 
80 nm of SiO2 as a single layer ARC by electron beam evaporation technique also 
reduces the reflection. Combining LTS with ARC provided the lowest reflection 
throughout the spectral range. Fig. 6.3b showed transmission spectra of the same solar 
cells in Fig. 6.3a. Bare Si with ARC showed the highest transmission, due to the increase 
in light intensity that enters into Si, as a result of reduction in reflection. LTS and LTS 
with ARC showed lower transmission compared to bare Si, indicating the increasing in 
light intensity is trapped in Si solar cell. Fig. 6.3c shows absorption spectra of the same 
solar cells in Fig. 6.3a and 6.3b. The absorption spectra were obtained by 1-R-T, 
assuming all the incident light is collected by the detector. As expected, bare Si showed 
the lowest absorption while LTS with ARC showed the highest absorption. Compared to 
LTS only, the addition of ARC reduces the reflection at shorter wavelength and thus 
provides the highest absorption.   
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The increase in absorption translates directly into increase in solar cell’s energy 
conversion efficiency, assuming the solar cell performance is linear with incident light 
intensity. Figure 6.4 shows representative current density (J)-voltage (V) measurements 
of individual solar cells measured using a simulated AM 1.5D illumination condition of 
1000 W/m^2 at room temperature. A black anodized metal is placed behind the solar cell 
to eliminate any reflection from the back surface. Bare Si, bare Si with ARC, LTS, LTS 
with ARC solar cells exhibit short circuit current density (Jsc) of 14.93, 18.26, 24, and 
35.53 mA/cm^2, open circuit voltage (Voc) of 0.488, 0.507, 0.507, and 0.518 V, fill 
factors, FF, of 0.72, 0.73, 0.71, and 0.70, and overall solar energy conversion efficiencies 
(η) of 5.2, 6.8, 8.7, and 9.5 %, respectively. The energy conversion efficiency is 
calculated using the spatial dimensions of the solar cells rather than the surface area of 
the p-n junction. The effect of ARC and LTS become evident in efficiency measurements. 
Bare Si with ARC showed 30.1 % increase in efficiency compared to bare Si, while LTS 
provided 67.3 % and 27.9 % increase compared to bare Si and bare Si with ARC, 
respectively. LTS with ARC showed the highest overall efficiency improvement of 82.7 
%, 39.7 %, and 9.2 % compared to bare Si, bare Si with ARC, and LTS without ARC, 
respectively. The results obtained in Fig 6.4a are consistent with simulations and 
absorption spectra. Fig. 6.4b showed spectra-resolved efficiency and absorption 
measurements of LTS solar cells, normalized by the efficiency of bare Si. The efficiency 
measurements showed similar trends as the absorption obtained from transmission and 
reflection spectra. In general, LTS solar cells showed higher efficiencies compared to 
bare Si throughout the entire spectrum. The efficiency measurements showed larger 
increase at longer wavelengths, where the silicon absorption decreases and the effect of 
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light trapping is more significant. The improvement reaches its peak at 950nm and 
reduces again at 1050 nm, due to the very weak absorption of Si beyond 1 um.  
  
6.3. Conclusion 
In conclusion, we developed a new method for generating light trapping structures 
on thin Si solar cells. The fabrication process is simple, low cost, and capable of large 
volume production. Simulations based on RCWA provide information on how structure P, 
RD, D, solar cell thickness, and ARC affect the overall absorption of the Si solar cell. 
Experimental demonstrations showed up to 82.7 % increase in energy conversion 
efficiency compared to bare Si, consistent with simulation results.  
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6.5. Figures 
 
 
Figure 6.1: Schematic Illustrations of the fabrication process and scanning electron 
microscopy (SEM) images of the resulting structures. (a) Soft imprint process. (b) 
Etching the underlayer after imprint process by reactive ion etching (RIE). (c) Inductively 
coupled plasma RIE (ICP RIE) etching into Si using the polymer structure as mask. (d) 
Remove the polymer structures by Pirhna solution to yield the final Si structure. (e) Top 
view SEM images of the polymer structure after soft imprint process. (f) Angled (top 
frame) and side (bottom frame) views of the polymer structure. 
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Figure 6.2: Simulation results of the absorption of Si solar cell after implementing the 
light trapping structure. (a) Percent of incident photon from solar radiation spectrum 
absorbed as a function of LTS periodicities (P). Si posts and Si posts + ARC correspond 
to LTS with Si posts and LTS with Si posts and ARC, respectively. No R and ARC 
correspond to the ideal case where no reflection occurs and bare Si with a single layer 
SiO2 coating (80 nm), respectively. (b) Contour map of the absorption as a function of 
post diameter (D) and relief depth (RD) for LTS with Si posts (P of 500 nm) and ARC. 
Both D and RD are normalized by the periodicity. (c) Relative improvements in 
absorption compared to bare Si for three different cases as a function of Si solar cell 
thickness. 
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Figure 6.3: Experimental reflection (a), transmission (b), and absorption (c) spectra under 
normal incidence for LTS with Si posts, LTS with Si posts and ARC, bare Si, and bare Si 
with ARC. P of 500 nm and SiO2 thickness of 80 nm are used for LTS and ARC, 
respectively. 
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Figure 6.4: Photovoltaic performance of a 6 um Si solar cell. (a) Current density as a 
function of voltage from a single Si solar cell under AM 1.5 illumination. (b) Spectral-
resolved efficiency measurements normalized by bare Si solar at the same thickness. 
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CHAPTER 7 
CONCLUSION 
 
7.1. Conclusion 
In conclusion, proximity field nanopatterning, or PnP, represents a simple optical 
method that provides experimentally convenient routes to wide ranging classes of 3D 
nanostructures, in large area coverages (several square centimeters and larger) and in 
thick geometries (up to ~100 µm).  Talbot effect optics, elastomeric phase modulating 
masks, and thick transparent photosensitive materials are keys to the approach.   This 
dissertation summarizes these aspects, as well as certain patterning capabilities enabled 
by engineered mask designs, exposure sources and optics, and materials.  
In particular, this dissertation introduces a method for combining molding, or 
nanoimprint, techniques with phase mask approaches to fabricate 3D structures in 
transparent photosensitive materials, a technique we referred to as maskless PnP.  These 
ideas provide additional design flexibility in the structure geometries that can be achieved 
compared to those possible with optical approaches alone, due either to limitations 
associated with the optics and/or materials used for the phase masks. Using maskless PnP, 
we demonstrated a very simple way to fabricate 3D structures that show photonic 
properties that are as good as or better than those obtained using other approaches.  The 
scalability of the technique to large areas, its high throughput operation and experimental 
simplicity, combined with engineering flexibility in the geometries of the structures that 
are produce suggest a promising route to fabrication of photonic and other classes of 3D 
systems.  
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We further extend single step exposure PnP into multiple exposure steps to 
fabricate 3D woodpile photonic crystals that exhibit levels of structural uniformity and 
optical properties that exceed those of other approaches with parallel, high speed modes 
of operation.  Observations suggest that the main limitations arise from materials aspects 
associated with exposure and development of the photopolymer, rather than from the 
optics or other characteristics of the dual exposure 2ph-PnP method.  As such, future 
work on advanced, photopolymers appears to be a promising direction for research. 
Besides 3D structures generated by periodic phase mask, we also demonstrated 
how two-photon exposure techniques can be implemented with quasicrystalline masks to 
yield 3D nanostructures with highly unusual geometries.  The optics of the masks and the 
transmission properties of the structures are both shown to be consistent with 
approximate models. The use of the approximate models was found to be helpful for 
process evaluation, despite their inherent inability to describe completely the optical 
properties of the quasi-crystal. The high speed, large area capabilities of the fabrication 
methods could facilitate use of these unusual structures in practical applications not only 
in photonics, but also in areas of catalysis, microfluidics, drug release and others that can 
benefit from well controlled nanoporous materials. In addition, the extreme tortuosity and 
large surface areas associated with the interconnected pore structures in the out of plane 
direction may also make them useful for applications in fluidics, chromatographic 
separations and controlled release.  Exploring these and other possibilities represents the 
focus of current work. 
In the last chapter we uses soft imprint lithography developed from maskless PnP 
to form large area two-dimensional (2D) diffraction gratings on thin Si solar cells. These 
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light trapping structures provide large improvement on Si solar cell energy conversion 
efficiency through anti-reflection and light trapping effects. Simulations reveal insightful 
information on the optics of this type of approaches and provide guidelines for designed 
light traping structures. Experimental reflection, transmission spectra showed reduction 
in both reflection and transmission, leading to large increase in absorption, consistent 
with simulations. Photovoltaic performance measurements on a 6um Si solar cell showed 
relative improvements larger than 80 % compared to bare Si cell.   
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